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Abstract

Although a number of radar cross section prediction techniques have been developed which ex-
ploit body of revolution symmetry, the use of finite-difference techniques with these geometries
has not been throughly explored. This thesis investigates several finite-difference approaches
which vary both in the approximations they introduce as well as the computational resources
they require. These techniques include body of revolution finite-difference time-domain meth-
ods with both staircase and conformal grids, a hybrid FD-TD /geometrical optics method, and
a body of revolution parabolic wave equation method. In addition, the use of the monostatic-
bistatic equivalence principle is explored in approximating monostatic RCS at multiple angles
from a single FD-TD simulation. Both canonical and more realistic BOR targets are mod-
eled. The results from these techniques are compared, with each other and with method of
moment predictions, physical theory of diffraction predictions, and analytic results. From these
comparisons the tradeoffs possible between accuracy and computation with this collection of
finite-difference tools is determined.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Definition of RCS

Radar technology continues to find widespread use in the long range, all weather detection
of airborne, space-borne, or land moving targets. Important in the analysis of such detection
systems is a knowledge of the electromagnetic characteristics of the target to be detected. Of the
power incident on the target, some will be absorbed as heat, and the remainder is scattered.
The direction and magnitude of the scattered fields is described by the target’s radar cross
section, or RCS, defined as that area intercepting that amount of power, which, when scattered
isotropically, produces an echo at the radar equal to that from the target [31]. Mathematically
the RCS, o, is defined as,

2
o(¢,0) = lim 47 R? M

R—yoo lE,,(R, b, 0)‘2 (11)

where E; is the electric scattered by a target illuminated by an incident electric field, E;.
Monostatic RCS is the radar cross section of a target when the receiver and source are in the
same location. Bistatic RCS is the radar cross section of a target when the receiver and source

are located at two different points.

Several factors influence a target’s RCS, including the target’s size and shape, the fre-
quency of the pulse, the incident and receiver polarizations, and the orientation of the target

with respect to the incident field. Radar cross section may be determined by either direct mea-
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CHAPTER 1. INTRODUCTION

surement or by theoretical prediction. Direct measurement, however, is often expensive and
requires specially constructed radar measurement facilities. In contrast, prediction of a target’s
RCS involves modeling the electromagnetic fields scattered by the target using analytical or
numerical techniques. Prediction avoids the need for costly measurements, and allows estima-
tion of target cross sections even in cases where the actual target is unavailable. Because of
the importance of target signatures in radar system analysis, a variety of approaches to RCS

prediction have been developed in the past.

1.1.2 RCS Prediction Methods

The methods used to model targets vary widely depending on the electrical size of the target.
The Rayleigh or low frequency scattering regime corresponds to situations in which the object
is much smaller than one wavelength. In these cases, the incident field changes very slowly
compared to the time required for propagation across the target, and the problem can be
treated by electrostatic methods. For larger objects, in the resonant scattering regime where
the target is approximately one wavelength in size, the dynamic nature of the fields can no
longer be neglected. For a small number of these geometries, such as a sphere or a cylinder,
Maxwell’s equations can be solved analytically to obtain an exact series solution for the scattered
fields. For other geometries, however, Maxwell’s equations must be solved numerically, using
techniques such as the Method of Moments [16, 17, 18] or the Finite Difference-Time Domain
[49, 50, 58] approach.

The Method of Moments (MoM) approach determines the scattered fields by solving Maxwell’s
equations in integral form. An integral equation in the unknown surface currents is formulated,
and the currents are represented by a weighted series of basis functions. The integral equation is
then tested with another series of testing functions to produce a matrix equation which may be
solved for the unknown basis function weights. Because this method solves Maxwell’s equations
numerically, it gives a solution which is exact within the limits of the geometry modeling accu-
racy. However, because the currents must be sampled at a spacing of one fifth of a wavelength
or less, the resulting matrix equation quickly becomes intractable for all but electrically small
objects. In addition, the integral equation is generally formulated in the frequency domain,
requiring repeated application of the process if the RCS is desired over a band of frequencies.

The latter shortfall is overcome by the Finite-Difference Time-Domain (FD-TD) method,

which solves the differential form of Maxwell’s equations in the time domain. The equations are

20



1.1. MOTIVATION

discretized in time and space, and the resulting difference equations stepped forward in time.
With appropriate excitation, the RCS over a band of frequencies can be calculated from a single
simulation. However, unlike MoM, only one aspect angle is obtained from each simulation, and
calculation of RCS over a range of angles again requires multiple simulations. Also, the spatial
grid required in FD-TD is again small, restricting the approach to electrically small objects.

Prediction of RCS for larger objects requires some approximation of Maxwell’s equations.
One approach which employs such an approximation, but still solves numerically for the fields
1s the Parabolic Wave Equation (PWE) technique [33, 38, 59]. This approach has found exten-
sive past use in the modeling of propagation, but has more recently been explored as a RCS
prediction technique. The PWE uses finite-difference techniques to solve a modified Helmholtz
wave equation in which an explicit spatial phase dependence has been assumed. The advantage
of this approach is that less memory is required to model an electrically large target since the
fields only need to be stored at one range step in contrast to MoM and FD-TD methods, which
require that all the fields in the computational domain be stored.

An alternate approach to approximating the scattered fields is embodied in the high fre-
quency RCS prediction techniques, such as geometrical optics (GO), physical optics (PO), the
geometrical theory of diffraction (GTD), and the physical theory of diffraction (PTD). Inherent
in all of these approaches is the assumption that the wavelength is small compared to the size or
curvature of the target. Geometrical optics [23] models electromagnetic scattering as optical ray
reflection by the target, and ray tracing techniques are used to determine the specular points
where reflection is in the direction of the receiver. RCS is calculated by determining the change
in power density in the reflected ray, arising from the spreading caused by the surface curvature
of the reflection point. One of the main disadvantages in GO theory is that flat objects with
infinite curvature cause caustics yielding unbounded results. In addition, since only specular
reflections are assumed, GO does not account for diffraction, surface waves, or traveling waves.

Physical optics [23] overcomes the first problem of calculating scattering from flat surfaces,
where GO would predict either no return, or an infinite return. The method applies a tangent
plane approximation to calculate the induced currents at each point of the target surface. The
surface currents on the target are then integrated to produce the scattered fields. As with GO,
PO does not account for diffraction, surface waves, or traveling waves.

The geometrical theory of diffraction and physical theory of diffraction extend the validity

of the geometrical optics and physical optics methods by including more scattering phenomena.
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CHAPTER 1. INTRODUCTION

GTD, developed by Keller [29, 30] uses a variety of canonical problems to predict scattering
due to diffraction from wedges, straight edges, and corners. The incorporation of fields due to
surface and traveling waves is also possible. By predicting scattering due to diffraction, the
RCS of targets with edges or corners can more accurately be determined without significantly
increasing the amount of computation. The limitation of this approach, however, is that GTD
solutions are only available for canonical geometries, and more complex geometries must be
constructed from these canonical components. The physical theory of diffraction, developed
by Ufimtsev [57], is very similar to Keller’'s GTD. Unlike the GTD, however, which calculates
diffracted fields directly, the PTD uses the solution to the canonical wedge problem to find
the induced non-uniform edge currents due to diffraction only. This current is then placed in
the PO model and integrated as before. Consequently, PTD allows direct treatment of more
arbitrary geometries. By modeling additional electromagnetic phenomena, both GTD and PTD

can significantly improve the performance of GO and PO.

Despite the assortment of RCS modeling tools described above, there remain cases where
high-frequency techniques fail to achieve the desired accuracy, yet numerical techniques are
impractical. For example, consider an electrically large structure with a smaller structure
attached to it. Clearly, numerical techniques are impractical due to the overall target’s size;
moreover, high-frequency techniques cannot accurately model the small attached scatterer. A
hybrid concept, initially proposed by Thiele and colleagues [13, 19, 48, 55, 56] provides one
method for analyzing geometries of this type. In his solution, the method of moments was used
to model the small attached scatterer, while GTD was used to model the large structure. Still,
even without a small attached structure, many electrically large targets can not be accurately
modeled using high frequency techniques. One possible solution is to look for special geometries,
such as a body of revolution, to simplify the numerical techniques. Both the MoM and FD-TD
techniques have been specialized to model bodies of revolution (BOR) allowing for the rigorous

modeling of large bodies of revolution.

In this thesis, both the hybrid and special geometry approaches are explored in the context
of body of revolution (BOR) geometries. In particular, finite-difference approaches involving the
FD-TD and PWE techniques are used to model electromagnetic scattering from BOR targets.
A hybrid approach involving geometrical optics and a 2D FD-TD method is used to model large
targets with small features. In addition, the BOR FD-TD algorithm and BOR PWE method

are used to model scattering from large bodies of revolution. In order to provide a sufficient
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1.2. BACKGROUND

understanding of the two primary methods to be used, background information on the FD-TD
method and the PWE approach will be given in the following section. In section 1.3, work
that has been done in the past on the body of revolution RCS problem will be discussed to
motivate the need for more research. Finally, section 1.4 will discuss in detail the work done in

this thesis.

1.2 Background

Since it’s introduction in 1966 by K.S. Yee [58], the finite-difference time-domain method has
been applied to a large number of electromagnetic problems [49, 50]. The method has gained
recent popularity due to the availability of computers with faster processing speeds and larger
memory capacities. The FD-TD method works by directly solving the time-dependent form of
Maxwell’s curl equations by discretizing in both time and space. Electric and magnetic fields
are placed at interleaving spatial locations and are solved for in a leap-frog manner allowing
the solution to be obtained by a marching in time approach.

One of the main advantages of the FD-TD method is that since the time-dependent form of
Maxwell’s equations are used, only one simulation is required to determine scattering at multiple
frequencies, whereas frequency domain formulations require separate runs for each frequency
of interest. Simultaneous analysis of multiple frequencies is accomplished with the FD-TD
method by using a multi-frequency incident excitation, such as a Gaussian pulse. Frequency
components are then extracted by a Fourier transform of the time domain fields.

One disadvantage to the FD-TD approach is that geometries of interest are defined in open
regions where the spatial domain of the computed fields is unbounded in one or more coordinate
directions. In order for the problem to be well-posed, the spatial domain must be truncated.
One possible solution is to assume that the fields outside the region of interest, or computational
domain, are zero. However, this approach, in effect, models the edges of the domain as perfect
conductors that reflect all incident waves. Provided the domain is large enough, an arbitrary
geometry can be modeled inside the domain for durations where the wave does not reach the
boundary. In practice, this forces the computational domain to be very large to ensure no
reflections, leading to long computation times and large memory requirements.

To reduce the size of the domain, an absorbing boundary condition, or ABC, can be used

instead. An absorbing boundary condition attempts to reduce the number of reflections at the
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CHAPTER 1. INTRODUCTION

edge of the computational domain, simulating the propagation of the electromagnetic fields
out into free space beyond the computational domain. One ABC, popular until recently is the
second order boundary condition formulated by Engquist and Majda [14]. This approach works
well for waves that are normal or nearly normal incident upon the edges of the computational
domain. Larger reflections occur for waves that are near grazing angles.

An alternate ABC introduced by Berenger [3] in 1994 , the perfectly matched layer, or PML,
is able to absorb waves incident at a broader range of angles with little or no reflection. This
approach is based upon a splitting of the electric and magnetic field components in the absorbing
boundary region with possibility of assigning loss to the individual split field components.
Field components incident upon a PML region are split into a component that is traveling
normal to the absorbing medium, and a component that is traveling tangential to the absorbing
medium. The normal component is attenuated as it travels through the absorbing medium while
the tangential component is allowed to propagate normally. The tangential component will
eventually be attenuated by additional PML regions. The net effect is to create a nonphysical
medium that has a wave impedance independent of the angle of incidence and the frequency of
the incoming scattered waves. Reflections at the interface between the PML region and the free
space region are prevented by matching the wave impedance of the PML region to that of the
free space region. Berenger originally introduced the PML for a two dimensional rectangular
coordinate system, but it has since then been extended to more complex domains [24, 27, 44].

An alternate PML formulation approach based on a coordinate stretching viewpoint was
later proposed by Chew et al. [8, 9]. Their approach involves the development of a modified set
of Maxwell’s equations via a complex coordinate transform. The additional degrees-of-freedom
introduced by the complex coordinate stretching allow for the specification of a lossy material
layer such that the interface between free space regions and PML regions is reflectionless for
all frequencies, polarizations, and angles of incidence. Under the coordinate stretching trans-
formation, Maxwell’s equations inside the PML can be written in the same form as the original
Maxwell’s equation, but on a complex spatial domain. While the original PML formulated by
Berenger applies only to rectangular coordinate systems, the generalized PML formulation can
be applied to other coordinate systems to provide PML’s on these systems. For example, in
[54], PML formulations using complex stretching variables for a cylindrical coordinate system

and a spherical coordinate system are developed.

A second drawback to the FD-TD approach is the difficulty of modeling surfaces which do
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1.2. BACKGROUND

not lie along grid lines. One simple approach to the problem is to force the object to align
with the grid lines creating a “staircase” approximation of the object. Accuracy of the results
depends on the size of grid cells used, with higher accuracy possible with smaller cell sizes, at
the expense of an increase in the the number of unknowns. More accuracy, however, may be
obtained without increasing the computational overhead, by using a conformal gridding FD-TD
approach [25, 26]. The conformal gridding FD-TD algorithm works by deforming the normally
square or cubic cells along the boundary of the object being modeled. Special contour integrals
are evaluated to determine alternate finite-difference equations valid for the new deformed cells.

While the FD-TD method provides a robust and rigorous method for predicting RCS, it is
computationally intractable for electrically large objects. Omne alternative which has recently
been proposed is the parabolic wave equation (PWE) approach. In the past, the PWE method
was primarily used to study the propagation of electromagnetic waves in the troposphere [2, 11,
33, 46]. However, recently the PWE method has also been used in the prediction of scattering
by acoustical and electromagnetic waves. Levy studied the prediction of acoustical scattering
from soft and rigid cylinders in 2D, and soft and rigid spheres in 3D [38] using scalar wave
equations. The methods developed there have been used to model objects ranging in size from
a few wavelengths to hundreds of wavelengths. In addition studies involving the prediction
of the radar cross section of arbitrary 2D and 3D targets has been carried out using vector
parabolic wave equation techniques [4, 5, 36, 37, 59].

The parabolic wave equation method works by introducing an explicit spatial phase depen-
dence for the scattered field. The time-harmonic Helmholtz equation is then rewritten in terms
of the new field representation. The resulting exact equation that must be solved involves a
pseudo-differential operator. The accuracy of the solution depends on the approximation used
to represent this operator. A low order approximation, such as a two term Taylor expansion,
of this operator yields a narrow-angle PWE method whose solutions are valid for angles of
propagation less than 15° — 20°. High order approximations, such as the split-step Fourier
and Padé methods, result in a wide-angle PWE method whose solutions are valid for angles
of propagation up to 90° [5]. Using either approximation, difference equations that relate two
adjacent fields are formulated. Applying an initial condition, the full solution may be obtained
by using a memory efficient marching in space approach, allowing for the possibility of modeling

electrically large targets.

As with the FD-TD method, the PWE method also models objects that are in open regions
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with a spatial domain unbounded in one or more directions. Hence, the computational domain
must be truncated by an absorbing boundary condition. One possible ABC used by Levy
[38] is Berenger’s perfectly matched layer discussed above. A second approach, more suited to
the PWE is the non-local boundary condition (NLBC). The method works by expressing the
fields outside the computational domain in terms of the fields on the boundary. The NLBC
has been developed for both narrow-angle and wide-angle 2D PWE approaches [35]. Since the
formulation of the NLBC is exact, the upper and lower boundary of the computational domain
can be placed arbitrarily close to the scatterer greatly reducing the computational overhead.
Generally, the FD-TD and PWE methods are used to solve for the near-fields. In order to
calculate the radar cross section, which requires knowledge of the far-fields, a near-to-far field
transformation is necessary. This can be accomplished by computing the scattered fields over
a surface that completely encloses the object. Using Huygens’ principle, the far-fields can then

be calculated, and from them the RCS determined.

1.3 Past Work

Since the numerical approaches discussed above are computationally intensive, it is advanta-
geous to look for special geometries whose features can be exploited, such as a body of revolution.
A body of revolution is a three dimensional object that exhibits axial symmetry, which can be
formed by rotating a two dimensional curve about one axis. Examples of bodies of revolution
include cylinders, spheres, and cone shaped objects.

There have been several approaches in the past to model the RCS and scattering patterns of
bodies of revolution. One popular approach to solving the problem is the method of moments.
The specific case for scattering from bodies of revolution was treated by Andreasen [1] and
Harrington [18] where the axial symmetry of the object was exploited by decomposing the
electric and magnetic fields into Fourier modes. Since the modes are orthogonal, the problem
decouples from one large three dimensional problem into a sequence of smaller two dimensional
problems, one for each Fourier mode. This is advantageous both in terms of memory usage
and speed since it is faster to invert several small matrices, than one large matrix. As noted
previously, however, one of the drawbacks of the MoM method is that the technique must be
repeated multiple times for each frequency of interest.

In contrast, the FD-TD method allows for wide-band analysis and has been used extensively
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in the prediction of radar cross section [51, 52, 53]. As with the MoM method, a BOR FD-TD
algorithm can be developed that takes advantage of the object’s axial symmetry, resulting in a
more efficient FD-TD algorithm. Such an algorithm was developed by Merewether and Fisher
for use with electromagnetic pulse applications [41]. The BOR FD-TD algorithm was later
used by Britt [6] to calculate the radar cross section for bodies of revolution. Britt studied
the monostatic and bistatic cross sections of a sphere, a cylinder, a cone, and a cone-sphere by
using staircase models of the targets. Each of the targets analyzed were assumed to be perfect
electric conductors. He verified the BOR FD-TD method by comparing the scattering cross
section of the sphere with the exact analytic results.

Since the introduction of the BOR FD-TD method, it has been used for a wide variety
of applications [7, 10, 43, 47]. Of particular importance was the work done by Saewert and
Jurgens in the development of a conformal BOR FD-TD code capable of modeling longitudinal
and transverse wake fields and impedances of particle accelerator beam line structures. The
code they developed used a perfectly matched layer absorbing boundary condition that was
previously developed by Jurgens [24]. Adapting the BOR FD-TD to use a conformal gridding
scheme and the introduction of the PML ABC for the BOR FD-TD method were both inno-
vations that increased the usefulness of the method. However, no work has been done to study
the use of the conformal BOR FD-TD method for the prediction of radar cross section.

As discussed in section 1.1, high-frequency techniques have been used in conjunction with
MoM techniques to predict radar cross section. In particular, Medgyesi-Mitschang uses the
BOR MoM formulation in combination with the physical optics technique to analyze conducting
bodies of revolution [40]. In this technique, the object is subdivided into smooth convex and
irregular surfaces. The currents induced along the smooth surfaces are obtained using physical
optics methods, while the currents induced on irregular surfaces, such as discontinuities caused
by protrusions or concavities, are modeled using a MoM expansion for the surface currents.
However, there has been little work done to combine high-frequency techniques with the FD-

TD method for the analysis of conducting bodies of revolution.

1.4 Thesis Work

The purpose of this thesis is to further explore finite-difference approaches for calculating the

RCS of targets involving body of revolution geometries. There are three main parts to the
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research: calculating the RCS of bodies of revolution using the BOR FD-TD method, calcu-
lating the RCS of BORs using a hybrid 2D FD-TD/GO method, and developing a BOR PWE
algorithm for BOR RCS prediction. In each of the methods explored, results are compared to
BOR MoM results, PTD results, and analytic results where possible.

The first part of this work involved implementing the BOR FD-TD algorithm in a computer
code capable of analyzing perfectly electric conducting bodies of revolution. Both staircase and
conformal gridding techniques are used to model the target of interest. The code is capable of
automatic mesh generation for BOR structures with piecewise linear cross sections for both the
staircase and conformal gridding methods. The results obtained from the BOR FD-TD code
are verified by comparing them to analytic solutions, and BOR MoM results. In addition, the
results from the staircase and conformal models are compared to determine the improvement
from the conformal gridding approach. Next, the monostatic-bistatic equivalence principle [28]
is used to generate monostatic data from BOR FD-TD calculated bistatic data. This approach
is used as an attempt to overcome the fact the FD-TD method requires separate runs to produce
monostatic data for multiple aspect angles. The fidelity of the results produced is compared to
the exact solutions obtained from the repeated use of the BOR FD-TD method at each aspect
angle of interest. In addition, the results are also compared to PTD results to determine what
accuracy advantage the monostatic-bistatic equivalence approach provides over high-frequency
approaches.

The second part of this work includes the development of a method that combines the
FD-TD method with a geometrical optics high-frequency approach. A two-dimensional FD-TD
method is used to calculate the field propagation along the two dimensional surface described by
a cross section of the body of revolution. Using the field values predicted by the FD-TD method,
and assuming a large radius for the BOR object, a geometrical optics type approach is used
to calculate the resulting scattered fields where the contribution is assumed to arise from the
stationary phase point in the plane of incidence. Since the FD-TD method is an exact numerical
technique, propagation along the body of revolution will be modeled rigorously. Results from
this approach are compared to the exact BOR FD-TD results to determine the loss of fidelity
in accuracy and the limits of the hybrid approach. In addition, comparisons are made with
the physical theory of diffraction to determine if the hybrid technique is more accurate than

existing methods based purely on high-frequency approximations.

In the third part of this work, a body of revolution parabolic wave equation method is
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developed as an alternate solution for cases where the hybrid approach is inappropriate and
the full BOR FD-TD approach is too computationally expensive. The work done includes
the development of the governing modal parabolic wave equations that allow the general three
dimensional problem to be simplified into a sequence of two dimensional problems. In addition, a
PML absorbing boundary condition for the body of revolution parabolic wave equation method
is developed. The BOR PWE approach is then implemented in a computer code, and the
results produced compared to the exact BOR MoM methods to determine the loss in accuracy
from the PWE approximations. The results of the BOR PWE approach are also compared to
PTD results, to determine if this numerical approach yields more accuracy than high-frequency

methods.
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Chapter 2

RCS Prediction Using the Body of
Revolution Finite-Difference

Time-Domain Method

In this chapter, a finite-difference time-domain (FD-TD) algorithm is presented for the modeling
of objects with body of revolution (BOR) symmetry. The BOR FD-TD formulation exploits the
rotational symmetry of the problem by expressing the azimuthal (¢) dependence of the fields in
a Fourier series. Since the azimuthal variation is accounted for analytically, each Fourier mode
can be solved independently, and there is no gridding in the ¢ direction. This results in a BOR

FD-TD algorithm which is two-dimensional in terms of computer memory usage.

2.1 BOR FD-TD Algorithm

One element in any application of the FD-TD technique involves the discretization of Maxwell’s
equations. The FD-TD difference equations can be derived from the integral form of Maxwell’s
equations by applying the integrals to small grid cells and assuming the electric and magnetic
fields remain constant over each cell. For example, Figure 2-1 illustrates the interlocking grid
cells used in the derivation of the BOR FD-TD equations from the integral form of Maxwell’s

equations. The time-dependent integral equations for a source free region are,

fﬁ.dr: //a*ﬁ.ds?_i//é.dg (2.1)
s ot ) Js
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fi-a = //aﬁ.d§+2//5.d§ (22)
s otJJs

?{5~d§ = 0 (2.3)
fé.d

where D = ¢E and B = uﬁ.

Uy

= 0 (2.4)

Figure 2-1: BOR 3D mesh showing interlocking grid cells

The FD-TD difference equations can also be derived by approximating the space and time
derivatives in the differential form of Maxwell’s equations with central difference expressions. In
the following sections it is this later approach which will be applied, following the formulation
by Davidson [10].

A second element in application of the FD-TD technique requires arranging the electric
and magnetic fields in a grid structure. In three dimensions, the simplest grid a rectangular
mesh, often called Yee’s lattice. A significant advantage of this mesh is its simplicity,however,
since objects are discretized with rectangular boundaries, curves and slanted lines must be
approximated by staircases. Other grid systems are possible [15, 20, 21] including the cylindrical

coordinate grid system that is well suited to modeling bodies of revolution. It is this grid which
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is used in the BOR FD-TD algorithm.

A third element in application of the FD-TD technique is the time step solution for field
values. Electric and magnetic fields are solved for in a “leap-frog” manner, where at each time
step the electric fields are calculated in terms of the electric and magnetic fields of the previous
time step. Magnetic fields are then updated in a similar manner. Since the fields are solved
for one time step at a time, the method of solution is often referred to as a “marching in time

approach.”

2.1.1 Field Expansion

Maxwell’s equations in vector differential form in a source free isotropic and homogeneous

dielectric and magnetic material are,

E = - == 4+4*H 2
V x Y +o (2.5)
. 8D .
H = 224 E 2
Vv x Y +o (2.6)
V-D = 0 (2.7)
V-B =0 (2.8)

In order to exploit the rotational symmetry of the problem, the electric and magnetic fields are

expressed as the following Fourier series,

o0
E= > (Emu cos M@ + Em y SiInMAP) (2.9)
m=0
— b - —
H="Y" (Rmucosme + fim, sinmo) (2.10)
m=0

where €, ., €m v, ﬁm,u, and ﬁm,v are independent of ¢. In practice, the Fourier series repre-
senting the electric and magnetic fields must be truncated at some finite number of terms. The
number of modes needed to accurately represent the fields depends on the amount of varia-
tion in the azimuthal direction. One simple rule requires the number of modes to be at least
M = kpmar + 1, where k is the wave number of the highest frequency of interest, and pqz is

the maximum radius of the object being modeled.

Substituting the above expansions into (2.5) and (2.6) yields the following modal form of
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Maxwell’s equations,

m - . 0 - o
:}:;(ﬁ X gv’u -+ v X euﬂ) = ——l,l,ahu’v -+ O'*hu’v (211)
- , E;
d:% X B+ V x by = €5 Buy 0B, (2.12)

Expanding the cross products and curl operators in equations (2.11) and (2.12) yields the

following two decoupled sets of scalar equations governing the 12 field components.

d
3 d d
—el +gef = _—hf— —hZ 2.14
eatev +Ue’l} az v 6p v ( )
I3} 10
AN —%hm ;-a—/-)(phg) (2.15)
0 m d
Y pp *pp . ez 4 = o9 2.16
pht o h = D+ ook (216)
d d d
3} 18
pohi+othy = ~-’§ez ~ g, 0e0) (2.18)
e%eﬁ +oef = ——Tg—hf, - %hf (2.19)
a d d
allpN ) ¢ . Zpp 2.2
€ 57 + oe, B h% o h% (2.20)
0 m 190
—e? 2 = —hl 4 ———(ph? 2.21
wpp pome = e 9o (2.22)
0 . a 3}
0 . m 190
poghutohy = geﬁ - /—)8—[)(,063) (2.24)

Without loss of generality, the first set, (2.13)—(2.18), will be used in deriving the difference
equations. The difference equations for the second set can be found by simply replacing m by
—m and interchanging the u and v subscripts in each of the six equations. Also, since only one
set is being considered the u and v subscripts will be omitted in the following sections. Finally,

since the object will be modeled in free space, it will be assumed that € = €y, ¢t = po, and that
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» @

A

Ap —£> o - o —1
h, hz
4: *: > Z
e, e o | >
< Az >

2.1.2 Difference Equations for Off-Axis Cells

As with the three dimensional FD-TD method, difference equations are found by replacing the
space and time derivatives by a central-difference approximation. The second order accurate

central-difference approximation for a first derivative is given by,

0f(§) €+ 8E/2) - f(§ — A{/2)
o A¢

_ (2.25)

As shown in Figure 2-2, fields are arranged in an interleaving fashion similar to that of the Yee
algorithm in Cartesian coordinates. Staggering the field components in both time and space
leads to an efficient “marching in time” algorithm for solving for the scattered electric and
magnetic fields. The following notation will be used for any function of time and space in the

finite difference equations.

f(iAp, kAz,nAt) = f|7 (2.26)
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The BOR FD-TD difference equations are found by applying the central difference approxima-

tion to the time and space derivatives in equations (2.13)-(2.18). For example, equation (2.13)

becomes,
n+1/2 n—1/2
ePli+1/2,k+1/2 - eP’i+1/2,k+1/2
<0 At -
m ha | _ h¢‘?+1/2,k+1 - h¢|?+1/2,k 2.97
(1+1/2)Ap zi+1/2,k+1/2 AZ . ( ‘ )
Rearranging terms,
n+1/2 _ n—1/2 At Bl hoal?
eﬂlz’+1/2,k+1/2 = eP’i+1/2,k+1/2 + nO-A“z— ( ¢Iz‘+1/2,k o ¢|i+1/2,k+1)
A
+ mar (2.28)

70 th|?+1/2,k+l/2

where

nwo= ) (2.29)
€0

At
AT = At = (2.30)

y/ HO€0

where 7y is the free space impedance and c¢p is the speed of light in free space. The remaining
BOR FD-TD difference equations are found by applying the central difference approximation
to equations (2.14)—(2.18).

n+1/2 n—1/2 AT n n
e¢[i,k+1/2 = e¢li,k+1/2 + WOA—p (hzli—1/2,k+1/2 - h2|i+1/2,k+1/2)
AT n
+ 77073; (hp|z‘,k+1 - hpw,k) (2.31)
/2 n—1/2 (1+1/2)Ar (i —1/2)Ar
elek = ezl P noTh¢|?+l/2,k - nﬂTh(ﬁW—l/z,k
mAT
- o iAp hp|?,k (2.32)
1 ATt 1 mArT
n+l n 1 aT n+l/2 n+1/2 -+ n+1/2
holiid! = holii + -5 (esliirtn = eolialis,) Ay Cli (2.33)
1 At
n+1 _ n L aT n+1/2 n+1/2
holitijo e = holivion + o Ap (ez'i+1,k ezli g )
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1 Ar +1/2 nt1/2
* no Az (e”l?ﬂ/?»k—lﬂ N epli+1/2,k+1/2) (2.34)
hali = h.|? + l_iéi__e |"+1/2 _ iﬁ})—A—T@ ln+1/2
Hirvjzker/z T THEL2E12 T 0 G 19 Ap blik+1/2 o (i + 1/2)Ap Plit1,k+1/2
_ 1 mAT n+1/2 (235)

o (i + 1/2)Apel’|i+1/2,k+1/2

While the FD-TD method numerically solves equations (2.5) and (2.6) using the above dif-
ference equations, the two Gauss’s Law relations, equations (2.7) and (2.8), are not explicitly
enforced. However, the location of the E and H components in the grid and the central differ-
ence operations on these components implicitly enforce the two Gauss’s Law relations so that

all four of Maxwell’s equations are satisfied [50].

2.1.3 Difference Equations for On-Axis Cells

Fields components that lie on the coordinate axis cannot be calculated using the difference
equations presented in the previous section. Figure 2-2 shows that the e., es, and h, fields
components lie on the axis. These cylindrical coordinate components can be expressed in terms

of the Cartesian coordinate components as follows,

Ez(p7 ¢) Z, t) = E’z(x, y7z7t) (2'36)
Es(p.$2t) = —Eo®,y,21)sing + Ey(z,y,2) cos ¢ (2.37)
Hp(P, (;S,z,t) = H:c(may>z7t) cos¢+Hy($,y,z,t)sin¢>. (238)

Along the z axis at any z = zg, the p and q3 cylindrical coordinate components are not defined,
but may be approximated by their values at z = 2y and p = § where 4 is a small positive
number. For z = 23 and p = § the Cartesian coordinate components can be approximated as
constant and independent of ¢. Thus, the ¢ dependence of the cylindrical coordinates can be
seen to arise from the relations given in (2.36)—(2.38). Since the E, field is the same in both
coordinate systems, its only nonzero Fourier component will be that for m = 0. Similarly, since
the only ¢ dependence for the E4 and H, fields arises from the cos ¢ and sin ¢ terms, their only

nonzero Fourier components will be those for m = 1.
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Difference Equation for the On-Axis e, Field

The difference equation for the e, field on the axis can be found by applying the integral form
of Ampere’s law (2.2) to a small loop of radius pg = Ap/2 centered at p = 0 and perpendicular

to the z axis.

8 rro 2w
e&/ / le2,4(0,2,t) cosme + e, ,(0, z, t) sinme] p dpdp
0o Jo

2m
= [ (routon, 2, t) cosme + oo, 2,) sinmg] po db (2.39)

For the case m = 0, the integrals above can be evaluated to give the following relationship,

0
Eﬂ-pggt-ehu(o7z’t) = 27rp0h¢,u(p07zat)~ (240)

Discretizing the time derivative using a central difference approximation, and using the same
indexing scheme as in the previous section produces the following difference equation for the
€., term,

_ 4At
€2 8}:1/2 S g,kl/z + —GAph(ﬁ,ul’l‘/z’k. (2.41)

A similar derivation can be carried out to yield a equation identical to (2.41) for the e, , term

along the axis [50].

Difference Equation for the On-Axis ¢4 Field

The difference equation for the e, field component along the axis can be found by applying the
integral form of Ampere’s law (2.2) to a contour about the ey in the p—z plane.

Applying Ampere’s law for the mode m = 1 fields to the contour illustrated in Figure 2-3 yields,

z2 P
e;%/ 2/ 0[e¢yu(0,zz,t)cos¢+e¢’v(0,zz7t) sin ¢] dpdz
z1 JO

z2
= [hzu(0,22,t) cos ¢ + h; (0, 22, t) sin @] dz

21

PO
+/ [hpu(0, z2,t) cos @ + h, (0, 22, ) sin @ dp
0

21
+ [hzu(p, 22,t) cos @ + hy4(po, 22, t) sin @] dz

22

0
+ [hpu(0, z1,t) cos @ + hpo(0, 21, 1) sin @] dz (2.42)
PO
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y

Figure 2-3: Contour integral used for calculation of on-axis e4 term.

where p = Ap/2 and zz = z; + Az/2. Integrating the above equation noting that h, = 0 at

p = 0 for m = 1 and separating the cosine and sine terms yields,
} Ap 8 _
-EAZTp ﬁew(o, zz,t)_ cos ¢

A
= {—Azhzm(po,zz,t) + Tp

Ap 0 .
—2—— “8';6(75,” sSim gb

o0, 22, 8) — (0, 21, t)]} cos ¢ (2.43)

eAz (0,22,t)

A
= {—Ath,u(PO, zz,t) + 7,0 [hp,u(07 23,t) — hp,v(07 Zlat)]} sin ¢. (2.44)

Using the same indexing scheme as before, and using a central difference approximation for
the time derivative yields the following difference equation for updating the es, and ey, field

components along the axis.

+1/2 ~1/2 2At At
e¢|g,k+/1/2 = e¢|g,k+/1/2 - E)hzl?/2,k+l/2 t A (hp|3,k+1 - hp|3,k) (2.45)

Difference Equation for the On-Axis h, Field

The difference equations for the on-axis h, fields are found by discretizing the scalar equations

(2.16) and (2.22) for mode m = 1 since h, is zero for all other modes. Although the e, field
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at the axis is zero for mode m = 1, the e, term in these equations is actually a measure of the
derivative of e, with respect to ¢ and is not zero. Thus, the value of e, from the cell above is

used as an approximation to the ¢ derivative yielding the difference equations,

At At
+1 n+1/2 n+1/2 n+1/2
o g,k - h.o,v’g,k + mez,u 1,k 1Az (e¢,v|o,k+1/2 - e¢,vl0,k~1/2) (2.46)
At At
+1 n+1/2 n-+1/2 n+1/2
Ppu g,k = hpu g,k - —ﬂApez’v 1k m,qu (e¢>“]0,k+1/2 - e¢vu|0,k—1/2) . (2.47)

2.1.4 Numerical Concerns

Explicit finite-difference schemes have stability restrictions on choices for the space and time
increments. The conditions necessary for stability impose an upper limit on the value of the
time increment. The upper limit on the time step is the well-known Courant-Friedrichs-Lewy
stability criterion [50]. The numerical stability bound for the two and three dimensional FD-TD

methods are given by,

1
Aty < 1 1 (2.48)
V Bay T B2
Atsp < L (2.49)

1 1 1
C\/ @ @y e

where Az, Ay, and Az are the space increments and At is the time increment. Although the
BOR FD-TD algorithm works by solving a sequence of two dimensional problems, the above
stability requirement cannot be used. Instead, the numerical stability bound for the BOR FD-
TD algorithm depends and the space increments as well as the mode number [50], and is given
by

Atpor < % (2.50)

where s ~ max(v/2,m + 1) and A is the space increment. Note that for low order modes
the stability requirement is comparable to the stability requirements for the 2D and 3D FDTD
methods. However, as the mode number increases, the required BOR FD-TD time step becomes

progressively smaller.

Another numerical concern is the potential for dispersion caused by errors in the phase
velocities of waves traveling through the FD-TD lattice. While in free space the phase velocity

should equal the group velocity for all frequencies and directions, a wave in the FD-TD lattice
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will have a phase velocity that is slightly smaller than its group velocity, depending both on
its frequency and the direction it is traveling. One way to reduce the amount of numerical
dispersion is to increase At. As cAt approaches A, the size of each spatial cell, the numerical
dispersion becomes negligible. However, as noted in (2.48)—(2.50), cAt has an upper limit less
than A, so a trade off must be made so that the amount of error due to numerical dispersion

is small while numerical stability is maintained.

2.1.5 Modeling of Perfect Electric Conductors

The interface between any two media is generally chosen to occur at integer nodes (7, j, k) so
that electric fields are tangential and magnetic fields are normal to the surface. The case of a
perfect electric conductor, or PEC, in free space region is particularly simple to model. The

boundary condition for a PEC requires that all tangential electric fields are zero.
AxE=0 (2.51)

In the case where the PEC does not align along the cells, a staircase approximation is used,
and tangential electric fields of the approximate stair-step surface are set to zero. Since the
cells are on the order of one tenth the smallest wavelength, this approximation generally does
not introduce a significant error. In some cases, such as a PEC sphere, where a traveling wave
is present, a staircase model can introduce significant errors. The errors may be minimized by
either reducing the size of the cells or using a modified cell shape for the cells along the object

being modeled [26].

2.1.6 Computational Domain

The computational domain is that region of space which is discretized with the FD-TD lattice,
and is modeled by the FD-TD method. Figure 2-4 illustrates the two dimensional computa-
tional domain for the BOR FD-TD algorithm. It is divided into to three regions: the total field
region, the scattered field region, and the absorbing boundary condition region. The distinction
between total and scattered fields will be made clear in Section 2.3. While the general electro-
magnetic scattering problem is unbounded, the computational domain must be truncated by
an appropriate boundary condition in order for the problem to be well-posed. The boundary

condition along the bottom edge of the computational domain is accounted for by using the
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CHAPTER 2. RCS PREDICTION USING THE BOR FD-TD METHOD

on-axis equations developed in Section 2.1.3, however the boundary conditions for the other
three edges remains unspecified. One possible boundary condition for the other edges is to
simply set the fields along the edges to zero. However, this approach leads to the outside of
the domain functioning as a perfect conductor, which causes reflections at the boundary. Pro-
vided the domain is large enough, an arbitrary geometry can modeled inside the domain for
durations where the wave is does not reach the boundary. In practice, this requires that the
computational domain be very large to ensure no reflections at the boundary, and requires much
more computation time and memory. An alternate approach involves the use of an absorbing
boundary condition, designed to minimize reflections at the computational domain edges, and

effectively simulate an unbounded region beyond.

_;m[r

L4

Scattered fields

Toltal fields

Target 2

Figure 2-4: BOR FD-TD computational domain

2.2 Absorbing Boundary Conditions

2.2.1 2nd Order Boundary Condition

One approach to the absorbing boundary condition (ABC) problem is the second order bound-

ary condition formulated by Engquist and Majda [14],

9* ? 1(8 &
IS ANl | P 52
lanaT a2 2 (an + a:rg)] =0 (254)
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2.2. ABSORBING BOUNDARY CONDITIONS

where w is a field quantity which is tangential to the absorbing boundary, 7 is the normal
direction, Tl, Ty are the tangential directions, and 7 is time normalized with respect to the
speed of light. The second-order absorbing boundary condition works very well for waves which
are incident normally or nearly normally to the edges of the computational domain, and does

not work as well for waves which are incident at grazing angles.

2.2.2 Berenger’s Perfectly Matched Layer ABC

An alternate ABC, the perfectly matched layer (PML), capable of effectively absorbing waves
which are incident at any angle was introduced by Berenger in 1994 [3]. Berenger’s PML tech-
nique is based on the idea of using a layer of lossy material to absorb outgoing radiation from
the computation domain. Ideally, the lossy layer should be designed such that a planar inter-
face between the lossy layer and free space is reflectionless for all frequencies, polarizations, and
angles of incidence. Loss in the PML region can be achieved by introducing the electric conduc-
tivity and magnetic loss terms in Maxwell’'s equations. For a media with electric conductivity
o, and magnetic conductivity ¢*, the impedance of the medium equals the impedance of free

space when

g €0

= o (2.53)
A wave traveling normally across a boundary between such a medium and free space will
enter the absorbing region without reflection. However, waves which are not normally incident
cannot transverse the boundary without reflections. In order to obtain a reflectionless interface
for waves of arbitrary incident angles, additional degrees of freedom are needed. In Berenger’s
PML technique, the necessary additional degrees of freedom are obtained by splitting field
components into two subcomponents (e.g. H, = Hjy + Hj,), each derived from a single
spatial derivative term of the curl expression in Maxwell’s equations. For example, in the two

dimensional TE case, the field components in the PML medium are governed by the following

four equations:

9E, O(H,qo + H.y)
= e e M T 2.54
€05, + oy By 3y (2.54)
0E, _ O(H,z + H,y)
60“5}'—‘ + CTxEy = o (255)
0H,, N _ OE,
Ho ot + aa:sz - 9z (256)
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oz #0
oy #0
oy #0
o, #0
Op =
s a, =0
o, #0 ot £ 0
oy =
Perfect Conductor
Figure 2-5: Selection of conductivities for 2D PML regions
0E
zy _ €T

where the parameters o, o3, 0y, and oy are the electric and magnetic conductivities of the
medium. Note, if 0, = 03 = 0, = o, = 0, then the above equations reduce to Maxwell’s
equations of free space. If o, = o} and o, = oy, the above equations reduce to Maxwell’s
equations for an absorbing medium. In addition, if o, = oy = 0 and oy, o7 nonzero, the PML
medium can absorb a plane wave (E,, H,;) propagating along x, but it does not absorb a wave

(Ez, H;y) along y and vice versa for the waves if o, = 07 = 0 and oy, oy, are nonzero [3].

As Berenger has shown, the interface reflection between two PML media whose conductiv-
ities satisfy the impedance condition (2.53) is zero when at an interface normal to z, the two
regions have equal oy, and o, or when at an interface normal to y, the two regions have equal

*=0

o, and ok. Since free space can be considered a PML medium in which o, = 03 = 0y = 0y,

the above condition can be used to construct the PML regions surrounding the computational
domain. Figure 2-5 gives the parameters of the surrounding PML layers for a two- dimensional
mesh. For instance, on both the left and right sides of the computational domain, the absorb-
ing layers are a PML medium with oy, = o = 0, and nonzero oy, o, whose conductivities are

related by the impedance condition (2.53).
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2.2. ABSORBING BOUNDARY CONDITIONS

Berenger originally developed the PML concept for truncating two dimensional Cartesian
coordinate grids, however Katz, Thiele, and Taflove [27] later extended it for the truncation of
three dimensional Cartesian coordinate grids. To extend the range of applicability, the PML
concept was also extended to cylindrical coordinate grids [24] and nonorthogonal FD-TD grids
[42, 45]. However, as discussed in [54], approximate impedance matching conditions were used,
since the perfect matching conditions were derived based on the assumption that the metric

coefficients are independent of the spatial coordinates.

2.2.3 Generalized PML ABCs with Stretched Coordinates

An alternate PML formulation approach based on a coordinate stretching viewpoint was pro-
posed by Chew and Weedon in [9]. Their approach involves the development of a modified set
of Maxwell’s equations via a complex coordinate transform. The additional degrees-of-freedom
introduced by the complex coordinate stretching allow for the specification of a lossy mate-
rial layer such that the interface between free space regions and PML regions is reflectionless
for all frequencies, polarizations, and angles of incidence. Maxwell’s equations in a stretched

t

coordinate system are given by (e~** convention) [9]

Ve xE = iwpH (2.58)
Vo xH = —iweE (2.59)
Ve-€E = 0 (2.60)
Ve -pH = 0 (2.61)
where
vazﬁi%wia%mi% (2.62)

In the above, s;,i = z,y,z are complex coordinate stretching variables. With the change of

variables,

. ¢
(&= /0 se(¢d¢’ (2.63)

where { = z,y, z, it is possible to show [8] that Maxwell’s equations inside the PML medium

can be recast into the same form of the original Maxwell’s equations but on a complex variable
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spatial domain. Under the change of variables, the V, operator becomes,

Voo V=d—+§=—+2 (2.64)

Sl
@
S

since

8 18 98 18 8 18

= - = —_— = — = 2.65
0 sy 8z’ 0y sy 0y 0z 5,0z (2.65)

It then follows that the Maxwell’s equations inside the PML medium (2.58)—(2.61) become,

VxE = iwpH (2.66)

VxH = —iwekE (2.67)

V.eE = 0 (2.68)

V-uH = 0. (2.69)
In free space, s¢ = 1, and the transformed Maxwell’s equations are the original Maxwell’s
equations, but if for example, /

10
s¢(¢) =1+ % (2.70)

the medium is a lossy PML region and the fields inside the PML are not Maxwellian since they
obey the modified Maxwell’s equations rather than the original Maxwell’s equations. However,
the interface between the PML region and non-PML regions is reflectionless if the s¢’s satisfy
conditions similar to Berenger’s conditions on the o;’s. Moreover, this change of variables
formulation can be generalized to other coordinate systems to provide PML’s on these systems
[8]. In [54], PML formulations for a cylindrical coordinate system and a spherical coordinate
system are developed. In order to absorbing outward traveling waves in both the z and p

directions, the following mappings are used,

z FA , ! .
Z = / s.(2)dz' = / 1+ Z—(Tf—(—z—ldz' =z+ 1A4(2) (2.71)
0 0 we we
P p ; / A
;o= / s,(0')dp = / g4 22elP) g 1Be(R) (2.72)
0 0 we we

In this case, the del operator in cylindrical coordinates becomes,

9

3d)+z

vV = p+¢ (2.73)

P
ot =
S|
R-TAl
Sl
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2.2. ABSORBING BOUNDARY CONDITIONS

The BOR-FDTD PML formulation then proceeds by substituting the Fourier expansions (2.9)-
(2.10) of the electric and magnetic fields into the modified Maxwell’s equations (2.66)-(2.67)

using (2.73). As a result, the following modal equations are obtained for the fields inside the

PML region.

i—’gé X Epu+V X By = iwpth (2.74)
£ 03 X Ry +V X By = —iweda, (2.75)
p

Expanding the cross products and curls yields a set of twelve scalar equations of the same form
as (2.13)—(2.24) but over a complex variable spatial domain. As before, the twelve equations
decouple into two independent sets of six equations. The scalar equations corresponding to the

first set for the fields inside the PML region are,

—iwee, = %hz—%h¢ (2.76)
—iweey = %hl,—%hz (2.77)
—iwee, = ——’Z—hw%%@hw (2.78)
—iwph, = %ez+%e¢ (2.79)
—iwphy = —%ep+%ez (2.80)
~iophs = ~Ze, - 22 (peo) (2.81)

In order to facilitate the conversion of the above equations into the time domain in a form
suitable for time-stepping, the fields are split. For example, the p component of the electric

field is split as e, = ey, + ey Where e,, and e,4 are defined by

—iwesge,y = —h; (2.82)

p

) 7,
—iwes,€p, = Eh"’ (2.83)

and
p iAp(p)

s =-=1+— 2.84
o) =2 =1+ 22 (284
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Similarly, the eg component is split as ey = e4, + €4, where ey, and ey, are defined from,

—iWESep; = %hp (2.85)
—lweSpey, = —gphz‘ (2.86)

In order to split the e, component in a manner suitable for time-stepping, it is necessary to

first expand the derivative with respect to p.

0 1 m
—twee, = —hy + =hy + —h 2.87
opie T phet She (2.87)

The e, can then be split as follows.

d

—iwespe,, = 8—ph¢ (2.88)
1
—iwesge,y = ;hd, + %hp (2.89)

The h field terms are split in a similar fashion. Next, the frequency domain equations are
converted to the time domain to yield a set twelve equations governing the fields inside the
PML medium. Using the definitions, o4 = A,/p, and ¢} = oyu/e for ¢ = p, ¢, z, the PML
equations can be cast in a form similar to the PML equations given in [24] except that oy is

not independent of o,.

5] o
€ 5 Cp2 + 0.8, = ™ (hgs + hgp) (2.90)
0 m
g = 2, +h, 2.91
68t6p¢,+0'¢€p¢ p (h o T ¢) ( 9 )
3] 0
6&%)2 + 04, = g (hpz + hp¢) (2.92)
0 0
€ 51 €00 +opep, = ~5p (hap + Pzg) (2.93)
0 0
€570 +ope,, = 7 (hgz + hgp) (2.94)
m 1
Gaequ + Op€rp = —— (hpz + hp¢) + ; (h¢z + h¢p) (2.95)
0 . 0
:“b'ihpz +0zhp: = 9% (egz + €gp) (2.96)
0 . m
,uahm +ophpy = > (€zp + €29) (2.97)
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2.2. ABSORBING BOUNDARY CONDITIONS

#%hq&z +0hg: = —(% (€pz + €pp)

ﬂ'%hqﬁp +o,hgp = (%“ (e2p + €2¢)

p%th +ophzp = _Bﬁp (epz + €gp)

u%hw +oyhy = —% (€pz + €pp) — % (egz + €gp)

In order to achieve a reflectionless interface between free space and the PML medium,

(2.98)

(2.99)
(2.100)

(2.101)

all the

PML parameters must remain the same except for the complex stretching variable component

normal to the interface [8]. The same condition holds for the interface between two PML regions

to be reflectionless. For the BOR FD-TD PML, this implies that s, = 1 or equivalently that

o, = 0 at an interface with a p normal, and that s, = 1, o, = 0 at an interface with a z normal.

Figure 2-6 illustrates the selection of conductivities for the BOR PML regions.

sp #0
3¢?,é0
5. #0

Perfect Conductor —\

S§p =
S¢=0
s, #0

Axis of Symmetry ——/

Figure 2-6: Selection of stretching variables for BOR PML regions
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2.2.4 Discretization of PML Equations

As discussed previously, the PML technique works by providing a reflectionless interface to a
medium that can absorbing outgoing waves. Since the PML medium is backed by a perfect
conductor, the wave will be reflected back towards the computational domain. The magnitude
of the reflected field will be determined by the amount of attenuation the PML medium provides,
which is a function of the conductivities and thickness of the medium. Thus, to achieve the high
loss in the reflected wave, it is desirable to use large conductivity values, however, the standard
central difference approximation can not be used to accurately represent the rapidly decaying
fields [50]. Instead, exponential time-stepping [22] is used to discretize equations (2.90)—(2.101).
In this approach the equations are treated as ordinary differential equations which are solved
explicitly. For example, consider the PML equation for the e,, term (2.90), whose total solution
consists of a a homogeneous solution and a particular solution. The homogeneous solution is,

epIm oS (t) = Ce (o2t (2.102)

where C some constant. The constant C can be found by arguing that the homogeneous solution
results from excitations combining over many previous time steps. Since the e,. is known at

the previous time step, ¢t = (n — 1/2)At, C can be found by,

eggmog(t — (n _ I/Q)At) — Ce—(a;/e)(n—l/Z)At — epz|n—-1/2

= C — e(a'z/6)(7’1—1/2)At6pz|’n—1/2. (2'103)
The value of e’,};’mog can then be found at the next time step to be,

ez;)mog(t =(n+ 1/2)At) — e(az/e)(n—1/2)At(6pz|n—1/2)e~(az/e)(n+l/2)At

— epzln—1/2e—(uz/e)At' (2104)

The particular solution is given by,

___1_ I hgz + hgp)

epart t' —
) o, 0z

pa + Ke~(0:/9¢ (2.105)

Since the homogeneous solution accounts for contributions from all previous time steps, the

particular solution can be seen to arise from the hy field at the current step. It then follows
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that at the beginning of the time step t' =0,

10

b (t'=0)=0 = —U—Za(hm + hgp) + K
oK = +2Zhy +hyy) (2.106)
N o, 0z ¢z o0/ ’

Evaluating the particular solution at the end of the time step, ¢’ = At.

—(oz/e)At _ 1
Pt = At) = e——}—a%(hm + hgp) (2.107)

The time-stepping equation for the e,, field can then be obtained by combining the homogeneous

and particular solutions and discretizing the gz— term,

—o,Atfe _ 1

n+1/2 _ oAt n—1/2 e
epz|i+l/2,k+1/2 = e’ /6ePZli+1/2,k:+1/2 + oAz (h¢z|?+1/2,k+1
+heplivt /2 k1 — Pozliyjon — h¢p|?+1/2,k+1) - (2.108)

Equations (2.91)-(2.101) can be discretized in a similar fashion. However, since o4 goes as 1/p
its value will be too small for exponential time-stepping to be used. In numerical experiments,
the use of exponential time-stepping for terms involving o4 in the BOR FD-TD PML imple-
mentation led to numerical instabilities. Thus, standard central difference approximations were
used to discretize the PML equations containing o4 terms. For instance, equation (2.91) is

discretized as follows,

+1/2 ~1/2 +1/2 ~1/2
ep¢l?+l/2,k+1/2 - eP¢l?+1/2,k+1/2 ep¢|?+1/2,k+1/2 + ep¢|?+1/2,k+1/2
€ + 04
At 2
m n n
R ESVOYY (hZP|i+1/2,k+1/2 + hz¢|i+1/2,k+1/2) : (2.109)
Rearranging terms,
e |n+1/2 _ E/At—0¢/2 e In_l/z . 1 m
POlit1/2,k+1/2 /At + 04/2 POlit1/2,k+1/2 /At +0,/2 (i +1/2)Ap
(th|?+1/2,k+1/2 + hz¢|?+1/2,k+1/2) (2.110)
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The full set of PML equations can be obtained by discretizing the remaining equations in a

similar fashion.

—a.Atfe _
+1/2 oA 2 €7 1
¢zl?k+1/2 = oA d>z|:lk+{/2 —m—(hpzmkﬂ"‘hmmkﬂ
a7k = P T ) (2.111)
—gpAtfe _
+1/2 oA 12 € 1
e¢’P|Zk+1/2 = e t/ee¢z|?k+/1/2+ ~ 7, 0p <h2p|?+1/2,k+1/2+hz¢>|?+1/2,k+1/2
_thlzn—l/2,k+1/2 - hz¢|?—1/2,k+1/2) (2.112)
—opAtfe _ q
nt1/2  _ —o,Atfe, n-l/2 _ € e b |n b
€zpli k € zolik B ( szlivrjok + hoplii1/ok
"h¢z|?—1/2,k - h¢p|?—1/2,k:) (2.113)
n+l/2 E/At—0¢/2 n— 1/2 1 ( 1 ) ho|m ho|n
x6li (e/At+a¢/2 ool e/At+04/2 ] \ilp [m( pelie + P¢|nk)
1
5 (hcﬁzl?ﬂ/z,k + hoplitajon + hozlio1o + h¢p|?—1/2,k)] (2.114)
~a;At/p
+1 _  _—aiAt e 7 1 nt1/2 nt1/2
hoolin™ = €77 M hpe P — T oA ( €pzliki1/2 T €pli i1 /2
n+1/2 n+1/2
e¢’zizk 1/2 ¢P]i,k—1/2) (2.115)

ni1 _ [€/At—0ag/2 n 1 (m) n+1/2
Poslie = (e/At+a*/2 Poglie + e/At+o3/2 ) \ildp (Zp| +

exolin’’) (2.116)
—oyAtfp
—o1 At e % 1 n+1/2 n+1/2
Pl 120 e YN PP oAz (epz|i+1/2,k+1/2 +epsli1/2k11/2
n+1/2 n+1/2
~€pzlit1ja k172 €p¢’z+1/2k 1/2) (2.117)
—op At/
1 —a*At e ’r -1 +1/2 +1/2
holitien = €7 M hga Pz —  adp (ezp|?+1,£ +ezolipie
2
—esolin /= easlin ') (2.118)
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e—a;At/u -1

h2p|?++11/2,k+1/2 = e_a;At/uhZP’?H/lkH/Z + arAp (eszl?:ll,éil/z
tesplinrys — Coslinini — Coolininn) (2.119)
B |7 L _ (M/E) |l _ ( 1 ) ( 1 )
i+1/2,k+1/2 e/ At _,_02/2 pelit1/2,k+1/2 e/ At + 02/2 (i +1/2)Ap
[m (e”z|?:11//22,k+1/2 + e/’¢1?:11//22,k+1 /2)
+% <6¢P|?—:_11,£{~1/2 + e¢z|?j11,£i1/2 + e¢p|?;i62 + e¢z|?’;:41,4§2)] (2.120)

In the limit of a vanishingly small grid size, the loss factor can be chosen to be arbitrarily
large and an arbitrarily thin PML layer can be used. However, in implementing the PML tech-
nique with the FD-TD technique, the discretized nature of the electric and magnetic fields must
be considered. Thus, in order to reduce the amount of spurious reflections due to discretiza-
tion, it is desirable to chose the PML region to be 8-15 cells thick, and to gradually increase the
conductivity from zero to some maximum. One such conductivity profile proposed by Berenger

is a polynomial curve,

C n
7¢(¢) = Omax [3] (2.121)
where § is the total thickness of the PML region. In practice, the choice of a quadratic profile,
n = 2, has been found to work well. Note that, the exact position of the electric and magnetic

fields on the grid should be used when computing o.

2.3 Source Implementation

In beginning the FD-TD computation all the fields inside the computational domain are initial-
ized to zero. Quantities are then added to simulate an excitation. For example, current sources
may be introduced by adding a current density term, J, to the discretized Maxwell’s equations,

where the current source is discretized in the manner similar to that described above.

For RCS calculation, a plane wave excitation is typically required. This excitation is often
implemented by dividing the computational domain into scattered field and total field regions,

as shown in Figure 2-4. The incident field is included in calculated fields only inside of the total
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field region, and is used as the excitation source. The scattered field is defined as

Escat - Etotal - Einc (2.122)

where Ej,. is the incident field and FEigy is the total field. The FD-TD equations for the cells
at the interface of the total field and scattered field regions must account for the difference
in the definition of the calculated fields which occurs at this boundary. For example, when
computing a field in the total field region, if a field quantity in scattered field region is required,

the incident field must first be added to it to produce a total field quantity.

The incident field is calculated using an analytic expression for the plane wave source. Since
the FD-TD method is formulated in the time domain, a Gaussian pulse excitation is used so
that multiple frequencies can be analyzed at once. The Gaussian pulse is often modulated near
a center frequency so that the incident wave’s power is concentrated at frequencies of interest,
avoiding numerical errors due to numerical quantization which might occur if other frequency
components were significantly larger. Field quantities can then be Fourier transformed to

extract fields of a particular frequency

For the body of revolution geometry, the general form of the incident electric field, and

corresponding magnetic field can be written in terms of horizontal and vertical polarization

components,
E, = (Ehiz + Evﬁ) P (t - 'T> (2.123)
c
. 1. = 1 . By -7
H = ZkxE== (—Ehfz + E,,h) ple-Fi? (2.124)
n n c
Fo= zi+yy+zZ (2.125)
ki = —&sinf; — 3cosb; (2.126)
I}i -f = —zsinb; —zcosb; = —pcos¢sinh; — zcosb; (2.127)
h = #cos 0; — 2sin6; = pcosB;cosp — qAﬁcos 8;sin¢ — Zsing; (2.128)
5 = §=¢cosd+ psing. (2.129)
The function P is a modulated Gaussian pulse defined as,
P(r) = e~ /% sin(2nfr) (2.130)
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where the parameter o defines the pulse width and f is the modulation frequency. Since the
BOR formulation represents the ¢ dependence with Fourier modes, the incident fields must be
decomposed into these Fourier components. For example, the ef, , component of the incident

field is determined by,

1 (2= ki - 7
eh, = —/ (Epcosbicosdp+ Eysing) P |t — ki 7 do (2.131)
’ 2 0 I'ss
1 27 ) ]';_
emu = —/ (Epcosbicos ¢ + Eysing) P |t — T cos mpde (2.132)
y 7.‘. 0

In practice, these integrals are computed numerically using a Gaussian quadrature technique.

If the incident wave is propagating along the axis of symmetry in the &2 direction the

electric field has the special form,
E; = [¥En(pcos ¢+ dsing) + By(psing + deos¢)| P (t F z/e) (2.133)

For this case only the fields associated with the m = 1 mode are nonzero, since the argument to
the function P does not have ¢ dependence. In general, however, for a wave incident off-axis,
higher-order modes are present and the contribution of the incident field to each needs to be

determined. Since P is an even function of ¢, it can be expanded into a cosine Fourier series.

p (t + pcos ¢sinb; + z cosb;
c

) =ag+ a1cos¢+ azcos2¢ + azcos3p+ - (2.134)

In computing the Fourier components as in (2.131) and (2.132), six different types of ¢ integrals

are encountered.

L = /O " p (t 4+ ? °°S¢5m9 + 2 cosbs ) cos me sin ¢de (2.135)
L, = /027rP (t + pcosqbsm& +zcos 0’) cos m¢ cos pdp (2.136)
I; = /0 T p (t +2 Cos‘ﬁsme +zcos 9’) cos mede (2.137)
I, = /0 " p (t+ p COS"SS‘“G +ZC°SO’) sinmesin ¢dé (2.138)
I = /()27rP (t + pcos¢s1n6 +zcos 0’) sin me cos ¢pdo (2.139)
- /027rP <t+ pcos¢3m9 + zcosb; ) sin modg (2.140)
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By orthogonality, the integrals I, I5, and Ig are identically zero for all modes. The remaining
types of integrals, I, I3, and Iy are nonzero and contribute to Fourier components of the inci-
dent field. Thus, for an incident wave that only has either a horizontal or vertical polarization
component, only six of the twelve Fourier field components will be nonzero. For a horizon-
tally polarized incident wave, the nonzero Fourier field components correspond to the fields
contained in equations (2.13)-(2.18). Since the other six Fourier field components are zero for
a horizontally polarized incident wave, the second set of equations, (2.19)-(2.24) is not needed.
Similarly, for a vertically polarized incident wave only the second set of equations is needed

since the field components in the first set are zero for all modes.

2.4 Near to Far Field Transformation

As evidenced by equation (1.1), calculation of the RCS requires knowledge of scattered fields
in the far field. Using the near fields calculated by the BOR FD-TD method, the far fields
can be obtained by performing a near to far field transformation, formulated using Huygens’
principle. This principle determines the electric and magnetic fields outside a region containing
excitation sources in terms of the tangential electric and magnetic flelds on a surface, S’, which
encloses the sources. The mathematical formulation of Huygens’ principle for free space in

three-dimensions, assuming an e~ ** time dependence, has the following forms [32],

B = fs ds' {iwpG(7,7) -7 x H(®) + V x G(7,7) -2 x B(7)} (2.141)

AF = f dS' {~iweG(7,7) -7 x BF) +V x C(r,#) - a x )} (2142)
S/

(2.143)

and 7 is the outward normal to the surface. In the far field, V can be approximated as ik7 [39],

and [? — VV] becomes [68 + ¢¢]. The electric field in the far field can then be written as

E(7) = ¢_dS' {iwpld + ¢d] - 7 x H(7)
SI
k|77

+ik[¢0 — 6g] - 7 x E(7)} prrme Tl (2.144)
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Furthermore, in the far field, the magnitude of |7 — 7’| can be approximated by ||, while the
phase term e’/ can be represented by a linear phase approximation resulting in

i oy o sy
ezk\r 7| eikr g—ikf-F

dnfi—7| ~ dmr (2143)

In the cylindrical coordinate system used in the BOR FD-TD approach, Huygens’ principle
is most easily formulated by choosing S’ as a cylinder, and storing the fields on this cylindrical
boundary. Since not every field in the grid will lie exactly on the cylinder, an interpolated
value is calculated by averaging the nearest available field components. In addition, since a
frequency domain Huygens’ principle formulation is used, a temporal Fourier transform of the

field components at each spatial point included in the integration must be computed.

2.5 Results

This section compares the RCS predictions of the BOR FD-TD method to those of exact and
MoM techniques. The two geometries considered here are a cylinder and a biconical shaped

target.

2.5.1 Bistatic RCS of a Circular Cylinder

The first object modeled is a cylinder whose geometry can easily be represented on the FD-TD
lattice. In the following, the bistatic HH RCS at 1 GHz is calculated for a cylinder illuminated

at its end-cap, as shown in Figure 2-7.

1.5m

\ 4

A

Figure 2-7: Geometry for Cylinder, 8; = 0°

Since the incident electric field propagates along the z axis, only one Fourier mode is com-

puted. As evidenced in Figure 2-8, the HH bistatic RCS predictions of the BOR FD-TD method
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compare well with the BOR MoM predictions. In practice, it has been found that smaller step
size, on the order of \/40, are needed to lessen the effects of numerical dispersion for incident

directions near the axis are needed to lessen the effects of numerical dispersion.

T T T T T T T T p
—— BOR FD-TD
— -~ - BOR MoM
)
v
—
£ .
/2]
m
o
o
%)
o -
o
20 b~ -
)
-25 - -
30 I ] 1 1 I 1 ] 1 L ] 1
-180 -150 -120 -90 -60 -30 0 30 60 90 -120 150 180

theta (degrees)

Figure 2-8: Bistatic RCS at 1 GHz of a cylinder illuminated at normal incidence. Shown is the
HH polarization for a cut in 8 with ¢ = 0°.

Since the BOR FD-TD method uses a different set of equations for the prediction of the
HH and VYV radar cross sections, it is necessary to test both cases in order to validate the code.
As shown in Figure 2-9, the BOR FD-TD prediction for the VV bistatic RCS is also in good
agreement with the BOR MoM prediction providing further validation of the BOR FD-TD
code.

In the two cases considered above, the cylinder is illuminated normal to its end-cap, so that
only one Fourier mode is required. In the general case of off-axis incidence, the contributions

of multiple modes must be considered. For example, if the cylinder is illuminated at 45°, as
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SKC T T T T T T T T T T T ]
—— BORFD-TD /
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Figure 2-9: Bistatic RCS at 1 GHz of a cylinder illuminated at normal incidence. Shown is the
VV polarization for a cut in 8 with ¢ = 0°.
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shown in Figure 2-10, a two dimensional problem must be solved for each of the contributing

modes.
E
i
/\ E_
“~ ‘\ |x
\\ \‘ |
\‘e‘ :
1

Figure 2-10: Geometry for Cylinder, §; = 45°

Following the rule described in Section 2.1.1, the contribution of modes m = 0 through
m = 5 are used to compute the bistatic RCS of the cylinder which is illuminated at 45°. As
shown in Figure 2-11, the BOR FD-TD and BOR MoM predictions compare well validating

the ability of the code to combine contributions from multiple modes.
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Figure 2-11: Bistatic RCS at 1 GHz of a cylinder illuminated at 6; = 45°. Shown is the HH
polarization for a cut in § with ¢ = 0°.
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2.5.2 RCS of Biconical Object

In order to validate the BOR FD-TD on a more realistic target, a biconical object similar to
the geometry of a re-entry vehicle is modeled. Since the structure of the target does not align
with the BOR FD-TD lattice, it must be approximated using a staircase representation. In
the following, the biconical object is illuminated normal to its broadside, f;nc = T79°, with a

horizontally polarized incident wave, as shown in Figure 2-12.

_ 26 cm

Figure 2-12: Geometry for Biconical Object, 8; = 79°

As shown in Figure 2-13, both the MoM and BOR FD-TD results are in good agreement
showing the strong backscatter return at § = 0°. The small disagreements between the BOR
MoM and BOR FD-TD predictions are likely due to discretization errors since each method

represents the actual target geometry differently.

As discussed previously, one of the advantages of the FD-TD method is that predictions
over an extended bandwidth can be obtained from a single simulation. Figure 2-14 compares
BOR FD-TD and BOR MoM results of the backscatter RCS versus frequency, for a wave
incident on the broadside of the biconical object at §; = 79°. Again, the BOR FD-TD and
BOR MoM predictions are in good agreement, and as expected the backscatter RCS increases
with increasing frequency as the broadside of the biconical object becomes larger in terms of

wavelength.
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Figure 2-13: Bistatic RCS at 1 GHz of a biconical object illuminated at ; = 79°. Shown is the

HH polarization for a cut in 8 with ¢ = 0°.
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BOR FD-TD
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Figure 2-14: Backscatter RCS of a biconical object illuminated at 8 = 79°, ¢ = 0° for a cut in
frequency.
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2.6 Summary

In this chapter, a finite difference-time domain algorithm was presented for the modeling of
objects with body of revolution symmetry. The BOR FD-TD formulation exploits the rotational
symmetry of the problem by expressing the azimuthal (¢) dependence of the fields in a Fourier
series. Maxwell’s equations are rewritten in terms of these ¢ independent field components
yielding the modal form of Maxwell’s equations. Since the azimuthal variation is accounted for
analytically, there is no ¢ gridding, which results in an algorithm that is two-dimensional in
terms of computer memory usage. Maxwell’s modal equations are discretized using a central
difference approximation, and are placed on a two-dimensional computational grid. On this
grid, each field is calculated from previous values of the neighboring fields and previous values
of itself. Perfect electric conductors are modeled by setting the tangential electric fields to zero.
Plane wave sources are implemented by creating a region of scattered fields and a region of total
fields, and adding in the incident wave as it crosses into the total field region. A PML absorbing
boundary condition is used to truncate the computational domain and absorb scattered energy
incident on the boundary of the domain.

The BOR FD-TD method was applied to the prediction of the RCS of various BOR targets.
Each of the perfectly conducting targets is represented in the computational domain by using a
staircase model. In order to determine the RCS, the target is illuminated with a plane wave, and
Fourier transformed electric and magnetic fields on a Huygens’ surface are stored. Huygens’
principle is applied to find the far field scattered fields, from which the RCS is determined.
For both targets modeled, the cylinder and biconical shaped object, the RCS predictions of
the BOR FD-TD method were found to be in good agreement with those of the BOR MoM
method.
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Chapter 3

The Conformal BOR FD-TD

In the previous chapter, the BOR FD-TD method was developed for modeling objects with
axial symmetry. The modeling of surfaces which do not lie along grid lines was accomplished
by creating a “staircase” approximation of the object aligned with the grid. Accuracy of this
approximation depends on the size of grid cells used, with higher accuracy possible with smaller
cell sizes, at the expense of an increase in the number of unknowns. More accuracy, however,
may be obtained without increasing the computational overhead, by using a conformal gridding
FD-TD approach [25, 26]. The conformal gridding FD-TD algorithm works by deforming the
grid cells along the boundary of the object being modeled to fit the surface of that object.
Contour integrals are evaluated to determine alternate finite-difference equations valid for the
new deformed cells. In Section 3.1, the modified finite-difference equations will be developed,
and the results of using the conformal gridding technique will be compared to the results

obtained with the staircase method.

3.1 The Conformal BOR FD-TD Algorithm

While the normal BOR FD-TD difference equations can be derived from either the differential
or integral form of Maxwell’s equations, the modified difference equations for the conformal

method are most easily derived from the integral form of Maxwell’s equations,
Edf——éf/ﬁdg (3.1)
B “Bt s '
L 9 L.
H-dl = e— E-dSs 3.2
d “ot / [5 (3:2)
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where the contour C encloses the surface patch S.

3.1.1 The h, Surface-Conformal Patch Integral

The conformal BOR FD-TD difference equation for the h, can be derived by carrying out the

contour integral shown in Figure 3-1. The integration of Faraday’s Law around the patch results

e

- =l nw -

-

Figure 3-1: Faraday’s Law contour for h,
in the following equation,

8 9z rz2 .
'u_a;/; / [hp»u(p07zz7t) 005m¢+hp,v(po,zz,t) s1nm¢] Po dz d¢
1 Z1

z1

z2
—/ [ez.u(po, z2,t) cos mea + e, ,(po, 22, t) sin mea] dz

P
+ /¢ les,ulpo, 22,t) cosme + eg (po, 22, t) sinmae) po de
2
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21

+ lezu(po, 22, t) cos me1 + € ,(po, 22,t) sinme] dz

22

@2
+/¢ lepu(po, 21,t) cosme + eg(po, 21,t) sinme] py dep (3.3)
1

where pg = iAp, 2z = kAz, and for a normal cell, z; = (k — 1/2)Az and 2, = (k + 1/2)Az.
However, near a PEC is advantageous to choose a surface, S, that conforms to the PEC. Since
the object is a body of revolution, the only modification to the cell shown in Figure 3-1 will
be the position of z; and z3. If the PEC object intersects a cell such that the position of the
h, field is inside the object, then the cell to the immediate left or right is extended to conform
to the shape of the object. If the PEC object intersects the cell such that the h, field is not
inside the object then that cell is modified to conform to the shape of the object. In either
case, zg — z1 = lgpAz where [y is the length of the new cell in the z direction. Performing the
integration in (3.3) yields,
po(z2 — 1)
m ot

= (22 - 21) [ez,u(POa Zz,t) Cos m¢2 + ez,v(PO: zz, t) sin m¢2]

(hou(po, 22, t) (sinmey — sinmer) — by (po, 22,t) (cos M — cos mey )]

+% leg,u(po, 22, ) (sinmey — sinmes) — es (0, 22,t) (cosme; — cosmes)]
+(zl - ZZ) [ez,u(pOa ZZ, t) cos m(bl + ez,v(pOa zZ, t) sin m¢1]

+% [eg,u(po, 21, t) (sinmes — sinmey) — eg(p, 21,t) (cosmey — cosmepy)].  (3.4)

Next, the sine and cosine terms can be separated to yield four equations where two of the four

equations are redundant and can be discarded.

[_HPO(Zz —z1) 0

m ot p,u(p07 zz, t)] sin m¢2

= [(zg — z1)e;4(po, 22, t) + %%,u(ﬁo,zl,t) — gnge¢,u(p0,22,t)] sin mao (3.5)

po(z2 —z1) O
[,u, m ot

hp,u(po,zz,t)] sin mg,
0 0 .
= [( = 2dennlon 22,) = Peguloo,10) + Lepulpn, z2,0)| smmsy (30

[ppo(zz —21) 8

m ot p,v(p0’227t):| Cos m¢2
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0
= [(22 - Zl)ez’u(pO,ZZ,t) - %ed),v(p()?zl)t) + %e(ﬁ,v(vaz?)t)] Cos m¢2 (37)

[_ﬂpo(zz —2z1) 0

— ahp,v(po, 2z, t)} cos mey

0 0
= [(21 — z2)ez u(po, 22, t) + %eqﬁ,v(po,zl,t) - %e(ﬁ,v(po, zz,t)} cos maey (3.8)
Discretizing the time derivative using a central difference approximation and using the same

notation as in Chapter 2, yields the following difference equations.

_ n+1/2 n+1/2
howlin™ = houlin + uloAz (e¢>,v|i,k+1/2 - e¢,v|i,k—1/2) + W-Ap@z,uli,k (3.9)
At mAt
+1 n+l/2 n+1/2 n+1/2
hP,u Zk - hp,ulgl,k + —"“ulOAz <6¢,u|i1k+1/2 - e¢»“|i,ka1/2> - —/.LiApez’vb’k (310)

Note that if I = 1, the two difference equations become the normal BOR FD-TD equations.
If the PEC intersects the right-hand side of the cell, then the electric field tangential to the

object will be the field eﬂ?}ﬁﬁz and it can be set to zero. Similarly, if the PEC intersects
the left-hand side of the cell, then the electric field tangential to the object will be the field

e¢lz;:_1/132 and it can be set to zero.

3.1.2 The hy, Surface-Conformal Patch Integral

Since the surface, S containing the hy field lies in the pz plane, it can be intersected several
different ways. If the PEC object intersects the cell such that the hy field is inside the PEC
object, then one of the surrounding cells is extended to conform to the shape of the object. To
ensure a reasonably sized conformal cell, the cell to the immediate left or right is extended to
the right or left if the slope of the intersecting line is greater than one, and the cell from above
is extended downwards if the slope of the intersecting line is less than one. Since the object is
assumed to be a closed convex body of revolution, the cell from the bottom is never extended
upwards. One possible intersection is represented by the contour integral shown in Figure 3-2.
In this case, the PEC object intersects the bottom portion of the surface forming a trapezoidal
shaped cell. The integration of Faraday’s Law around the patch can be carried out by noting
that the electric field tangential to the surface of the PEC is zero so that it does not contribute

to the contour integral, §, E.di.
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Figure 3-2: Faraday’s Law contour for hgy

71



CHAPTER 3. CONFORMAL BOR FD-TD

7] X
~ia //S (houl(pp, 22,t) cosme + hgy , sinme)]

:/ lezu(po, 22, t) cosme + e, 4(po, 22, t) sinme] dz
Z2
po—l1

+ lepulpp, 21,t) cosme + e, (pp, 21, t) sinme) dp
PO

po
+ / [epau(pp, 22,1) cOS M + €0 (P, 22,t) sin M) dp (3.11)
P

0—-l2
where [; and I, are the lengths of the sides containing the e, field as shown in Figure 3-2,
po = (i + 1)Ap, pp = po — Ap/2, and 2z = z1 + Az/2. Carrying out the integration in (3.11)
yields,

_MAB

ot [hd),u(pp: Zz, t) cos m¢ + h¢,v(ppa RZ, t) sin m¢]

= —Az[e; u(po, 22,t) cosme + e, 4 (po, 22, t) sin mg)
+12 [epu(pp, 22, t) cosme + e (pp, 22, t) sin mg]

_ll [ep,u(pp7 21, t) €os m¢ + epw(PP; 21, t) sin m¢] (312)

where A is the area enclosed by the patch integral. Next, the sine and cosine terms can be

separated yielding two independent equations.

0

nA g houlpp, z2,t) = liepul(pp, 21,t) = l2epu(pp, 22, 1) + Azez u(po, 22, 1) (3.13)
d

HA&th¢’v(pp’ 2z, t) = liep o (pp, 21,t) — laeyw(pp, 22, 1) + Aze, o(po, 22, 1) (3.14)

Discretizing the time derivative as a central difference approximation, and using the same

notation as in Chapter 2, the following difference equations result.

hg, u|z+1/2 k= houliiiont A:jzez,ul?fff + % (l1€p,u|?:11/22,k~1/2
lzeﬂ»u!?j11/22k+1/2) (3.15)

hw ?fll/z,k = hooliyiont A:iz z,,,l?jf,{f + % (lle/”vl?rll/gk—l/z
”lQeP»v|?++11//22,k+1/2) (3.16)

Similar conformal difference equations for the hy field can be derived if the PEC object intersects

the cell in a different way by weighting the nonzero electric fields by the lengths of the conformal
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cell and dividing by the area of the deformed patch surface.

3.1.3 The h, Surface-Conformal Patch Integral

The conformal BOR FD-TD difference equation for the h, can be derived by carrying out the

contour integral shown in Figure 3-3. The integration of Faraday’s Law around the patch results

[

; .-
Z, -
y
Figure 3-3: Faraday’s Law contour for h,

in the following equation,

8 92 re2 )

_“5— / / [hz,u(pp7 Z(),t) cosm¢+ hz,v(ppv 207t) Slnm¢]p d¢ dp
tJo: o
P2
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P1
+ / [epulpp; 20, t) cos M2 + €54 (pp, 20, ) sin mepo] dp
P

2

1
+ /¢ [egu(p1, 20, t) cosme + e, (p1, 20, t) sinmg] p1 d (3.17)
2

where z9 = (k+1/2)Az and pp = (i+1/2)Ap. Again, the surface, S is chosen so that it conforms
to the shape of the PEC. Assuming a closed convex body of revolution PEC, the object can only
intersect the cell on the bottom portion. Hence, let po = (i +1)Ap and p; = p2 — lgAp where Iy
determines the point of intersection. As before, if the PEC object intersects the cell such that
the position of the h, field is inside the object, then the cell immediately above is extended
downwards to conform to the shape of the object. If, however, the PEC object intersects the
cell such that the position of the h, field is not inside the object, then that cell is deformed to
match the shape of object. Carrying out the integrals in (3.17) yields,

p3—pn 0 : :

BEA o7 [Pz u(pp, 20, t)(sinmey — sinmey) — h; ,(pp, 20,t)(cos mp2 — cos me1)]
= (p2 — p1) [epu(pp, 20, t) cosmepy + €, (pp, 20, ) sinme1]
+% [eg,u(p2; 20, ) (sin me2 — sinmer) — eg,»(p2, 20, t)(cos Mg — cosmey)]

+(p1 — p2) [epu(pp; 20, 1) cosmz + ep,0(pp, 20, t) sin Mo

+% leg.u(p1, 20, t)(sinmey — sinmez) — ey (p1, 20, t)(cos My — cosmepz)]. (3.18)

Next, the sine and cosine terms can be separated to yield four equations where two of the four

equations are redundant and can be discarded.

[_up%—p%ﬁh

2m ot z,u(pp7 207t):| Sinm¢2

= [Zeoulonz0,6) = Legulpr,z0,t) = (o2 = p)epulpp, 0,0)| sinmon (3.19)

3-p} 0
[#pz a - hzulpop,s zo,t)] sinmegy

2 .
= [—%%,u(ﬁ’z,zo,t) + %%,u(m,zo,t) + (p2 — p1)epu(pp, ZO,t)} sinm¢;  (3.20)

2 2
ps—py 0
h
[u o gl (PP zO,t)] cos mez
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2 1
= [ Beonler ) + regalorzant) — (o2 = pr)enulpp,0t)| cosms (3:21)

~hew(pp, 20,t) | cosme

_up% - a
2m Ot

= [;pnzeqs,u(ﬁ)z, 20, t) — %%,U(Pl,zoyt) + (p2 — p1)epulpp, Zo,t)] cosm¢r  (3.22)

Since the PEC intersects the bottom portion of the cell, the electric field tangential to the
object will be the eg(p1,20,t) and it can be set to zero. In addition, eliminating the sine and

cosine factors yields the following two independent equations.

0 2m 2p9

—hu(pp, 20,t) = ————e€pulpp, 20,t) — ———=vepu(p2, 20,t) (3.23
gl ) u(p2 + p1) " (o3 — pi) ool )
15) 2m 2p2

2 haopr0,8) = —— (09 0,8 — ——2 ey (prznt)  (3:24)
ot " u(pz +p1) 7 u(pf — p3) "

Discretizing the time derivative using a central difference approximation, substituting in the

values for p; and ps, and using the same notation as in Chapter 2, yields the following conformal

BOR FD-TD difference equations.

A n+l = B n mAt n+1/2
SUlit1/2,k+1/2 T z’"|i+1/2,k+1/2 + pw(i+1— lo/g)ApeP,u|i+1/2,k+1/2
(i + 1)At n+1/2
; 2
PTG+ Dl — /2] @itz (3.25)
h n+1 = h..|? mA¢t n+1/2
v i+1/2,k+1/2 - z)v|i+1/2,k+1/2 - M(l + 1— lg/Q)Apep’vii+1/2’k+1/2
(i +1)At n+1/2
- ; 2
w [+ D)y — 12/2] e¢»v|z+1,k+1/2 (3.26)

Because tangential magnetic fields are not necessarily zero on a PEC object, conformal
BOR FD-TD difference equations for the e,, e4, and e, fields cannot be derived. Instead, any
electric field whose contour surface intersects the PEC object is simply not calculated since it
depends on a h field that will be inside the PEC object. Since the surrounding existing A fields
depend on the values of these e fields, a nearest neighbor approximation of the e field must be
used. For instance, Figure 3-4 illustrates a case where an e, field must be borrowed in order to

calculate an hgy field. In this case, the difference equation for the hy field will be,
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P
A
i+2, k-1/2 i+2, ke1/2
} O ep ] (o) }
i+1, k-1/2 -— - -
et hoo ©€pf ohy 1§ PEC
L k12 L keli2

> z

Figure 3-4: Here the field hyl;y1/2 541 does not exist, so that the field epl;y1/2,x41/2 cannot be
computed. Hence, the field hyl|; ;1 /21 is computed by “borrowing” the value of the neighboring
field eplit3/2 k41/2-
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AtAz At
41 _ n+1/2 n+1/2
houlivijoe = houlivijen + ”_Aez,uii+1,k A (lleﬂgu|i+1/2,k—l/2
n+1/2
_lzep,u|i+3/2’k+1/2) (3.27)

which is the same as equation (3.15) except that value of the field ep|;;3/2 k41/2 is used in place

Of the field eP|i+1/2,k+1/2'

3.2 Comparison of Staircase and Conformal Predictions

In the following two sections, a sphere, and the biconical object modeled in the previous chapter
are modeled using the conformal grid approach. The predictions using the conformal approach
are compared to the predictions obtained when representing the target using a staircase ap-

proximation.

3.2.1 Monostatic RCS of Sphere

As discussed previously, due to the ragged structure of the staircase approximation, creeping
waves that can be induced on smooth surfaces, such as a sphere, are not modeled accurtely. In
the following, the effectiveness of the conformal approach for reducing this is error is explored.
In order to measure the effectiveness of the conformal gridding approach, it is useful to consider
the effect of decreasing the step size. In the following, the backscatter RCS of a sphere versus
frequency is computed with the BOR FD-TD method at two different step sizes, and is compared
to the exact Mie series solution. In order to reduce the effects of numerical dispersion, the RCS

is calculated for a wave incident at # = 45°, as shown in Figure 3-5. The first BOR FD-TD

A
E-/\f E. )l(
4
— _-_/_.-___ 10 cm
y
Y

Figure 3-5: Geometry of a Sphere, 6; = 45°
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result, shown in Figure 3-6 was obtained using a step size of A\g/10 where A¢ corresponds to
the wavelength at 6 GHz. In the Rayleigh region, which extends through 1 GHz, this staircase
model is able to accurately model the backscatter RCS of the sphere since the effect of the
creeping wave is neglible. However, as the frequency increases into the resonance region beyond
3 GHz, the results using this staircase model begin to exhibit errors as the creeping wave term
is incorrectly modeled. In order to model the creeping wave term to accurately predict the RCS

through 6 GHz, it was necessary to reduce the step size to A\g/20.

I I i I I

14 Exact -
— — - BOR FD-TD Staircase A=A/10

-16 - ——- BOR FD-TD Staircase A=A/20 ]

-18 |~

20

RCS (dBsm)
|

] I 1
0 1 2 3 4 5 6

Frequency (GHz)

Figure 3-6: Comparison of staircase modeling at different step sizes for the backscatter RCS of
a sphere illuminated at 8 = 45°, ¢ = 0° for a cut in frequency.

While the smaller step size increased the accuracy of the solution, it also increased the
computational requirement both in terms of memory and computer time since smaller step
sizes require smaller time steps. In order to increase the accuracy without increasing the

computational requirements , the sphere is modeled using the conformal approach discussed
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in this chapter. As shown in Figure 3-7, the conformal grid model for the sphere is able to
accurately model the backscatter RCS of the sphere through 6 GHz with a step size of A\/10.
However, although it was not necessary to reduce the step size to obtain increased accuracy, the
time step was reduced to avoid numerical instabilities associated with conformal approaches. It
was found necessary to reduce the time step to approximately 85% of the time step used when
modeling the sphere with a staircase model. Despite the decreased time step, the accuracy

gained by using the conformal approach makes the method advantageous over the staircase

approach.
| 1 | ] I
-14 |- ——— Exact -
— — — BOR FD-TD Staircase A=A/10
-16 - ——- BOR FD-TD Conformal A=A/10
-18 -
-20 -

RCS (dBsm)
R
]

-26 -
-28 -
-30 -
=32 -
34
1 1 1 | 1
0 1 2 3 4 5 6
Frequency (GHz)

Figure 3-7: Comparison of conformal and staircase modeling for the backscatter RCS of a
sphere illuminated at § = 45°, ¢ = 0° for a cut in frequency.
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3.2.2 Bistatic RCS of Biconical Object

In this section, the biconical object is modeled using the conformal approach in order to deter-
mine the bistatic RCS at 1 GHz for an incident direction normal to the nosecone of the target.
The predictions are compared with those obtained by modeling the target with a staircase
model and with BOR MoM predictions. The dimensions of the target and scattering geometry

are shown below in Figure 3-8. Due to the size of the nosecone, a very fine mesh was needed to

50 cm 5cm

Figure 3-8: Geometry for Biconical Object, 6; = 0°

accurately represent the shape of the target. Figure 3-9 plots the bistatic RCS of the biconical
shape computed by four different methods. The solid curve represents the results of using the
BOR FD-TD method with a staircase model of the target at a step size of A\/80 while the
dashed curved represents the BOR MoM predictions. As evidenced in the plot, the two results
are in good agreement for all bistatic angles except those near backscatter. In order to more
accurately model the nosecone, the BOR FD-TD conformal approach was used with step sizes
of A/60 and \/80. In both cases, the bistatic RCS for angles near backscatter match well with
the BOR MoM predictions implying that the staircase predictions were in error. The reason
for this error is that the staircase model could not accurately represent the tip of the nosecone,
and instead approximated it by a tiny flat surface, which explains why it predicted a higher

backscatter RCS than the other three methods.
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——— BOR FD-TD Staircase A=2A/80
- — - BOR MoM

—- BOR FD-TD Conformal A=A/60
----- BOR FD-TD Conformal A=2A/80
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Figure 3-9: Conformal BOR FD-TD predictions at two different step sizes are compared to
Staircase BOR FD-TD and BOR MoM prediction. The plot is of the Bistatic HH RCS of a
biconical object illuminated at normal incidence for a cut in 8 at ¢ = 0°.
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3.3 Summary

In this chapter, a conformal grid approach to the BOR FD-TD method was developed. Rather
than representing the target by a staircase model, cells along the surface of the target were
modified to conform with the target’s shape. Along the surface of the target, h, contours were
extended or contracted in the 2 direction to match the surface of the target. Similarly, h,
contours were extended or contracted in the j direction, and hgs contours were extended or
contracted in both the Z and p directions to conform with the surface of the target. Electric
fields whose grid cell cuts through the target surface were not calculated, and magnetic fields
which needed these values instead used the nearest neighbor electric field.

The method was applied to the modeling of a sphere and a biconical object. In the case of
the sphere, the conformal method was shown to give predictions similar to staircase predictions
with a step size two times smaller. In the case of the biconical object, it was shown that the
conformal method improved the accuracy in predicting backscattering from the nosecone by
nearly 3 dBsm. In cases where the primary scattering component is due to specular reflections,
the conformal method did not greatly affect the accuracy of the predictions, since this scattering

was already predicted accurately.
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Chapter 4

RCS Prediction Using the
Monostatic-Bistatic Equivalence

Principle and the
FD-TD /Geometrical Optics Hybrid
Method

One advantage to the FD-TD method is that with appropriate excitation, the RCS over a
band of frequencies can be calculated from a single simulation. However, one disadvantage
for the FD-TD method is that only one aspect angle is obtained from each simulation, and
calculation of RCS over a range of angles requires multiple simulations. In this chapter, the
monostatic-bistatic equivalence principle is used to reduce the overall computational burden
by reducing the number of angles at which calculations must be performed. A single FD-TD
BOR simulation is used to calculate the monostatic signature for one incident angle, as well
as bistatic signatures for adjacent observation directions. The bistatic equivalence theorem is
then used to approximate monostatic signatures for other angles near the incident direction of

the actual FD-TD BOR simulation.

A second disadvantage to the FD-TD method is that it is computationally expensive for

electrically large targets. In the special case of body of revolution objects, the BOR FD-
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TD reduces the required computation by expanding the ¢ dependence in Fourier modes. For
electrically small targets, and incident angles near the z—axis, the number of modes required
to represent the ¢ variation is small. However, for broadside incidence of electrically large
targets more modes must be included, which increases the computation time. In order to
reduce the computational expense, high-frequency techniques can be applied to efficiently model
electrically large targets. Still, there remain cases where high-frequency techniques fail to
achieve the desired accuracy, yet numerical techniques are impractical. For example, consider an
electrically large structure with a smaller structure attached to it. Clearly, numerical techniques
are impractical due to the overall target’s size; moreover, high-frequency techniques cannot
accurately model the small attached scatterer.

One approach, is to use a hybrid method that combines an exact technique such as the FD-
TD method and a high-frequency technique such as Geometrical Optics. The hybrid method
works by identifying individual scattering centers such as surface gaps, protrusions, or slope
discontinuities, and deriving integral expressions for the scattering of each. In contrast to the
BOR FD-TD technique, the FD-TD/GO hybrid method accounts for the ¢ variation analyti-
cally by evaluating these integral expressions by the method of stationary phase, in which the
contribution is assumed to arise from a stationary phase point in the plane of incidence. A
two-dimensional scattering problem is created by a local tangent plane approximation through
the stationary phase point, and this is solved via a two dimensional FD-TD approach. The
scattering from the large body on which the small protrusions are located is then calculated
using Geometrical Optics. The scattering from each is coherently added to find the overall
scattered fields and resulting radar cross section. The special case considered in this chapter
will be the derivation of a hybrid formulation for the determination of the RCS from large body

of revolutions with small BOR protrusions.

4.1 The Monostatic-Bistatic Equivalence Theorem

As discussed above, the FD-TD method is limited in that only one aspect angle is obtained
from each simulation, and hence calculation of monostatic RCS over a range of incidence angles
requires multiple simulations. One possible approach for reducing the computational burden
imposed by this limitation is to use the monostatic-bistatic equivalence theorem. Although the

equivalence theorem is often applied to approximate bistatic RCS results from monostatic RCS,
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4.1. THE MONOSTATIC-BISTATIC EQUIVALENCE THEOREM

the principle will be used here to obtain monostatic RCS results from bistatic RCS calculations

from the BOR FD-TD method.

The monostatic-bistatic equivalence is based on the fact that as the bistatic angle approaches
zero, the bistatic RCS can be approximated by the monostatic RCS at the bisector of the bistatic
angle. For many scatterers, the error in this approximation is small for bistatic angles up to
several degrees, while for others, the error is larger. The magnitude of the error depends on the
properties of the individual scattering centers located on the object.

The derivation of the monostatic-bistatic equivalence theorem, as presented by Kell in [28]

begins from the definition of the RCS of a target,

12
Cnr? e [
o =4rR: lim 5 (4.1)
0 —00 ‘ﬁ

where ﬁ() is the incident magnetic field vector, and H r is the scattered magnetic field. The
RCS can be obtained by using a far-field transformation of the tangential electric and magnetic

fields on the surface of the target. The radiation field can be obtained from the Stratton-Chu

formulation,
o . 1 o eikoro . eikoro
Hpe¥ = ———// {(ans)xV +(n-H;)V
4 To To
eikoro
—iweg(n x Ey) da (4.2)

To

where H R 18 the re-radiated magnetic scattered field, ¢ is the phase of the re-radiated fields

relative to a chosen reference, and Es and H s are the fields at the target’s surface.

Given the exact value of the fields on the target’s surface, the RCS could of course be found
directly, however, given knowledge of either only the bistatic or monostatic RCS, this is not
possible. Instead, equation (4.2) is approximated using the method of stationary phase by

factoring out phase delay terms.

The coordinate system used in deriving the monostatic-bistatic equivalence is shown in Fig-
ure 4-1. In the coordinate system, the values of R; and R, are distances from the origin to the
transmitting and observation points, and the values of r; and r, are the distance from a differ-
ential area, da, on the target’s surface to the transmitting and observation points. Assuming

that the lengths R, and R; are much larger than the target’s dimensions, the sum, r; + r,, can
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Figure 4-1: Coordinate system for Monostatic-Bistatic Equivalence Theorem
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be approximated as independent of the angle ¢ as,

ri+ 7o = 2zcos(8/2) + (R; + Ry). (4.3)

Applying the method of stationary phase to (4.2), the contributions from discrete scattering
centers or saddle points are combined so that the total RCS of the target can be written as the
sum of each of these individual scatterers. The RCS in terms of discrete scattering centers is

given by,
2

(4.4)

g =

M .
5"y efén
m=1

where o, is the RCS of the mth discrete scatterer on the target and ¢, is the associated phase

factor relative to the phase of the first discrete scatterer. The above formulation can be used
to describe either the monostatic or bistatic RCS. In the following, it is assumed that the o,
terms in (4.4) represent the bistatic RCS of the target. Under the conditions for which the
RCS can be written as the sum of individual scatterers, the phase factor, ¢,, can be modified
so that ¢ in (4.4) represents monostatic rather than bistatic RCS. Using the relations given in

(4.3), the modified phase factor ¢,, can be written as

bm = 2ko 2z cos(3/2) + &m (4.5)

where zp,(a) is the distance between the mth and first phase center, projected on the bisector
axis, and &, is the residual phase contributions of the mth center. The monostatic RCS in

terms of the discrete scattering centers can then be written as,

M 2
o= Z \/meﬂkozmcos(ﬁ/2)+£m . (4.6)
m=1

Assuming that values of z,, and £, do not vary much over the range of bistatic angles considered,
the only difference in the phase factors between (4.4) and (4.6) will be the cos(3/2) factor. For
very small bistatic angles, the cosine factor can be approximated as constant, so that the
bistatic RCS is equal to the monostatic cross section measured on the bisector. However,
for larger bistatic angles the summation in (4.6) must be computed by identifying individual

scattering centers, or alternatively, the factors cos((3/2) and kp can be grouped together to
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represent a new frequency allowing the following statement of monostatic-bistatic equivalence,

oms(fcos(8/2),0 = a—B/2) = ops(f,0i = o, 6, = ) (4.7)

where « is the incident aspect angle and £ is the bistatic angle. Briefly, the monostatic-bistatic
equivalence theorem states that the bistatic cross section of aspect angle o and bistatic angle
3 is equal to the monostatic cross section measured on the bisector at a frequency lower by the
factor cos(5/2).

Since the FD-TD method can calculate bistatic RCS for multiple frequencies in one simu-
lation, the monostatic-bistatic equivalence theorem can be used estimate monostatic RCS for
other aspect angles near the incident direction of the actual FD-TD simulation. The range of
aspect angle at which the monostatic RCS can be accurately estimated depends on the scatter-
ing characteristics of the target. Since the equivalence theorem assumes that the RCS can be
written as the squared sum of fields from discrete scattering centers, the method is expected
to yield more accurate estimates at higher frequencies when the interaction between scattering

centers is less significant.

4.2 Monostatic-Bistatic Equivalence Results

In order to test the usefulness of the monostatic-bistatic equivalence, the principle was applied to
estimation of the monostatic RCS of two objects. The first object, a cylinder, was chosen to test
the ability of the principle to estimate monostatic RCS that is dominated by simple scattering
phenomena such as specular reflection. The second target, the biconical shape modeled in
previous chapters, is used to test the ability of the principle to estimate monostatic RCS that

results from scattering by a more complex object.

4.2.1 Monostatic RCS of Cylinder

Since the monostatic-bistatic equivalence principle is based in part on physical optics assump-
tions, the monostatic RCS predicted by this principle for an electrically large cylinder, such as
the one shown in Figure 4-2, should be a good approximation to the true monostatic RCS. Due
to the symmetry of the geometry, the monostatic RCS of the cylinder is only computed from

@ = 0° to & = 90°. Hence, as shown in Figure 4-3, the monostatic estimates were obtained
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with the BOR FD-TD method using incident angles of #; = 0° and #; = 90°. The bistatic RCS
results for endcap illumination were used to estimate the monostatic RCS, shown in Figure 4-
3(a), from @ = 0° to # = 45°. Similarly, the bistatic RCS results for broadside illumination were
used to estimate the monostatic RCS, shown in Figure 4-3(b), for angles between 6 = 45° and
6 = 90°. As expected, the combined results of the two BOR FD-TD runs shown in Figure 4-3(c)

are in good agreement with the MoM predictions.

1.5m

Y

A

Figure 4-2: Geometry for Cylinder
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Figure 4-3: Estimated monostatic RCS at 1.5 GHz of a cylinder is compared to MoM predic-
tions. Shown is HH polarization for a cut in 8 with ¢ = 0°. Results estimated by using the
BOR FD-TD method with (a) §; = 0°, and (b) §; = 90°. Combined results shown in (c).
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4.2.2 Monostatic RCS of Biconical Object

Unlike the cylinder modeled in the previous section, accurate monostatic RCS estimates for
the biconical object, shown in Figure 4-4, were much more difficult to obtain requiring the
use of bistatic results obtained from several incident angles. In addition, since the biconical
object does not possess the symmetry of a cylinder, the monostatic RCS is computed for angles

between 8 = 0° and 8 = 180°.

50 cm 5cm

Figure 4-4: Geometry for Biconical Object

Initially, the monostatic RCS was estimated by using the BOR FD-TD method with inci-
dence angles of # = 0°, & = 90°, and 180°. As shown in plots (a)-(c) of Figure 4-5, accurate es-
timates were obtained for aspect angles near § = 180° and # = 79° where the specular reflection
term dominates. At other aspect angles, especially those near 8 = 0°, the monostatic-bistatic
equivalence estimates were not very accurate, indicating the need to incorporate bistatic RCS
for other incident angles.

To obtain the additional bistatic RCS data, the BOR FD-TD method was run for several
other incident angles. The results of these runs are shown in Figure 4-5(d) and Figures 4-6(a)-
(d). As the aspect angles approached the nose of the target, it was found that the monostatic
estimates became less accurate. This is likely due to the fact that the size of the target is
electrically small. By sampling the bistatic RCS for more incident angles, however, the errors
introduced by the equivalence principle can be reduced. Thus, as expected, while the overall
estimated monostatic RCS shown in Figure 4-7 matches well with the BOR MoM predictions,

it becomes less accurate near the nose of the target. To reduce the errors near 6 = 0°, further
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Figure 4-5: Estimated monostatic RCS at 1.5 GHz of biconical object is compared to MoM
predictions. Shown is HH polarization for a cut in § with ¢ = 0°. Results estimated by using
the BOR FD-TD method with (a) 6; = 180°, (b) 6; = 0°, (c) 8; = 90°, and (d) 6; = 45°.
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BOR FD-TD runs for additional incident angles are needed.
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Figure 4-6: Estimated monostatic RCS at 1.5 GHz of biconical object is compared to MoM
predictions. Shown is HH polarization for a cut in 6 with ¢ = 0°. Results estimated by using
the BOR FD-TD method with (a) 8; = 135°, (b) 6; = 120°, (c) 6; = 15°, and (d) §; = 7.5°.

Also shown in Figure 4-7 is the monostatic signature computed by the high frequency

PO/PTD method. It is clear from the plot, that the PO/PTD method accurately predicts

the monostatic RCS near the regions where the specular reflection term dominates. How-

ever, as expected, for other aspect angles, the PO/PTD’s predictions do not match the BOR

MoM predictions. This is most likely due to the small electrical size of target, for which the

high-frequency assumptions of the PO/PTD method begin to break down. Because the ob-
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Figure 4-7: Combined result of BOR FD-TD runs using the equivalence principle with incident
angles at 6; = 0°,7.5°,15°,45°,90°,120°, 135°, and 180°. The monostatic RCS at 1.5 GHz of
the biconical object is compared to MoM predictions and PO/PTD predictions. Shown is HH
polarization for a cut in 8 with ¢ = 0°.
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ject modeled is electrically small the PO/PTD method was not able to correctly predict the
monostatic signature for all aspect angles. On the other hand, the equivalence principle used
in conjunction with an exact technique such as the BOR FD-TD can be used to obtain a good

estimate of a monostatic signature.
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4.3 The FD-TD/GO Hybrid Method

4.3.1 Integral Expression for Scattering from the Small Protrusion

Since the radar cross section is defined in terms of the scattered far-fields, the derivation of
the FD-TD/GO Hybrid method begins with the formulation of an integral expression for the
scattered far-fields of the entire target. From the resulting integral expression, the contribution
of the small protrusion can be extracted and treated separately from the scattering due to the
large body of revolution. For simplicity, the large body of revolution will be assumed to be a
large conducting cylinder while the small protrusion can take on an arbitrary shape. Figure 4-8

illustrates the geometry of the scattering problem. The scattered fields E,(7) and H, () can be

»

r
I
|
|
I
1
1
|
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Figure 4-8: Original Huygens’ Surface S’: The scattered fields E, (7) and H,(F) are determined
by the radiation of the induced electric current, J(7), that flows along the surface of the object.

calculated in terms of the induced current by using Huygens’ principle,

B = / [ ds' {iwpeG(r,7) - (7} (4.8)
B = ff as' {v x T, ) - J(7)} (4.9)
Sl’
where S’ is surface of the object, J(7') = @ x H,(7'), and G is the freespace Green’s function. In

order to simplify the surface of integration, an equivalent problem is created by using the surface

equivalence principle. The equivalent problem is formed by replacing the actual sources on the
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original surface of integration with equivalent sources located on a new surface of integration.
The new surface, S”, shown in Figure 4-9, is chosen to be the same as the surface S’ except near
protrusion, where the surface is extended around the protrusion so that it completely encloses

the protrusion but does not coincide with it. As before, the scattered fields are determined by

A -
>

J(), M) 75

Figure 4-9: Equivalent Huygens’ Surface S”: The new surface S” extends around the protrusion
so that the scattered fields E,(7) and H(7) are determined by the radiation of the equivalent
J

electric and magnetic currents, J(7) and M (7), that lie along the surface S".

the radiation of the induced currents, however, because the new surface, S, does not coincide

with the target, the magnetic current source term in Huygens’ principle must be included,

B = [ fS NiwnG(r,7) - T -V x G(r,7) - M()} (4.10)

g5 = f f as' {iweaG(F,7) - M(F) + V x G(F,7) - J()} (4.11)

where M (7') = —f x E,(7'). Under the far-field approximation (See Appendix A), the integral

expression for the electric field can be rewritten as,

. eik

Br) = o [[, a5 e fiwp 06+ 3] - ) — ik [96 - 09] - ()} (412)

>
I

—Z2sin@ + % cos 6 cos ¢ + i cos @ sin ¢ (4.13)

¢ = jcosg—ising (4.14)
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7 = £sinfcos¢+ ysinfsing + zcosb. (4.15)

Using the coordinate system shown in Figure 4-9, the surface of integration, 5" can be split

into the integrals shown below.

dsl/ _ po d / 2m Id / %2 d ! 2 d / p0+£0 d / m Id /
= p plde’ + z pod¢’ + P pde¢
5 0 0 z 0 00 0

23 , 27 po+£o , 27r, , z4 , 2 ,
+ [Ca [T+ [ dl [T pdg+ [Ca [ pode
K2 0 P 0 z3 0

0

po 27r/ ’
+ /0 dp/0 pdeo (4.16)

where pg is the radius of the cylinder and £y is the height of the protrusion. Since the eventual
goal is to develop a method for predicting the scattering from the small protrusion alone, it
is desirable to reduce the surface of the integral to only include the region surrounding the
protrusion. This can be accomplished by first arguing that since the cylinder is electrically
large compared to the protrusion, there will be very little interaction from the end-caps of the
cylinder and the protrusion. Hence, the integrals [§° can be neglected in the determination
of the scattering from the protrusion alone. The effect of removing these two integrals is to
place the points z; and zo at infinity, so that the Huygens’ surface extends infinitely in both
directions along the z—axis. Although, there is little interaction between the end-cap and the
protrusion, there will be a significant interaction between the broadside of the cylinder and
the protrusion. Thus, the contribution of the integrals, fzzf and f; ¢ can not be neglected.
Furthermore, because the size of the cylinder is large compared to that of the protrusion, the

value of p'd¢’ along the surface enclosing the protrusion can be approximated as ppd¢’, so that

the surface integral becomes,

22 po+Eo 23 pat+€o 24=00 27
/ as" = / ' + / o + / ' + / dp' + / a2\ [ podd’
s z1=—00 Po 22 P0 z3 0

- /’dl’ /[)21rpod(;‘)' (4.17)

where the contour path C’ is along the surface S” defined by the above integrals. Although,
the value of p' is approximated as constant in the determination of the differential area, p'd¢' =~
podd’, the exact value of p’ must be used in the exponential term that appears in the Huygens’

integral expression.
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Next, because of the axial symmetry present, the illuminating plane wave can be assumed,
without loss generality, to be incident at ¢;,. = 0. For reasons that will becomes clear later,
the scattering of interest will occur in the plane of incidence, so the observation angle ¢ can be

assumed to be zero. The unit vectors thus become,

6 = #cosf—Zzsinf=d (4.18)
$ =9 (4.19)
P = Zsinf+ Zcosh. (4.20)

In addition, since the integration is over a cylindrical surface, the 7 vector can be expressed as,

F/ — POﬁ’ + z'z? (4.21)
p = &cos¢' + gsing' (4.22)
77 =F-(rop +2'2) = rgsinfcos¢’ + 2’ cosb. (4.23)

The expression for the far-field electric field thus becomes,

ik
E_"(F) = et / dr /27r p0d¢/e—ik(po+£’)sin0cos ¢’e—ikz’ cosé
drr Jov 0

{iwp(aa +gg) - J) — ik [g6 — ag] - M)} (4.24)
where ¢ = p' — py.

In the limit of large kpgsinf, the ¢' integral in (4.24) can be evaluated by the method of
stationary phase. However, in order to apply the method, it is first necessary to factor out the
illumination phase delay from the electric and magnetic current terms so that the phase of the
integrand can be approximated as stationary. As shown in Figure 4-10, the illumination phase
delay along a ¢’ loop at a constant z measured relative to the value of the phase at ¢/ = 0 will

depend on the angle of incidence and ¢’. The illumination phase delay is given by,

P(#) = (1 — cos ¢)kpg sinb; (4.25)

where 6; is the angle of incidence. At §; = 90, the incident wave travels along the z-axis so
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(A)

>

d=(1-cos ¢) Po

(B)

/'( 1-cos 0) p, Sin 6,

Figure 4-10: Determination of ¢ and #; dependent illumination phase delay factor. (A) The
angle ¢ gives the distance along the z—axis of the relative phase from the reference phase front,
and (B) with the angle #; the actual distance between the two phase fronts is determined.
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4.3. THE FD-TD/GO HYBRID METHOD

that the wave must travel a distance equal to the diameter of the cylinder before illuminating
every point along the ¢ loop of interest. However, as the value of 8; decreases, the illumination
phase factor decreases until at 6; = 0, it becomes zero since the cylinder is illuminated at every
point on the ¢’ loop at the same time. The electric and magnetic currents can now be written

as,

() = ) ] (4.26)

M(F) = %) (4.27)

where the phase of the primed functions, J and M , 1s approximately constant with respect to

@'. The expression for the far-field electric field then becomes,

tkr 2w
E(F) — € dr podd)le—ik[po(sin 0+sin ;) +¢' sin 6] cos qb'ez'kpo sin 8, e—ikz' cos @
drr Jor 0

{iwplad + 4] J'(7) — ik [§é — ag) - M7} (4.28)

For large kpo(sinf + sin 6;), the method of stationary phase or the saddle-point method can be
used to analytically evaluate the ¢' integral. The saddle point method states that for large v
that the integral [32],

I(v) = /F daF(a)e*¥(@ (4.29)

can be expressed as expansion about the saddle point ag.

) = vflao), | 2T SO AT S AT 0 L ) R
I( )— F(ao)e 2 {1 + 2w [f” F + 4 fn 12 (fll)2 F + (4'30)

The saddle point g is determined from the point where the first derivative of the function f()
is zero. Using this method, the saddle point is found to be at ¢’ = 0, so that the expression for

the electric field becomes,

ikr . . . .
E(F) — [ - L’ dllpoelkposlngie—lkz cose{iwu [&&_'_g@] . j)(FI) “‘Zk [gd_dg] ‘MI(F,)}

4

2 —ik{po(sin §+sin 8;)+¢’ sin 9]
T 1n in 0; ] 4.31
\/—z’k [po(siné + sinB;) + &' sin 9]6 (431)

Note that the saddle point occurs at ¢’ = 0, so that the dominating scattering term occurs in

the plane of incidence, as expected. Equation (4.31) can be further simplified by noting that
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the term in the denominator of the square root involving &’ will be small compared to the term
involving pp and can be neglected. In addition, since we are interested in the scattering of the
small protrusion, we can define a local coordinate system near the protrusion in ¢’ such that

z' = ¢' + z3. The electric field expression thus becomes,

E’(F) _ eikr+i7r/4e——ik(po sin 6-+z3 cos 8) . 20 . dl/e—ikC' cos 9€—ik£' sind
T 8mk(sinf + sinb;) Jor
{z’w,u (&6 + 99 - J'(7) — ik [§& — ag] - M'(F')} . (4.32)

Since the integral expression for the far-field only involves fields at the waterline cut of
¢' = 0, the surface integral has become a two-dimensional contour path integral. In order to
evaluate the contour integral, the values of the primed electric and magnetic current must be
known at each point along the path C’. Since the illumination phase delay has been accounted
for analytically, the primed electric and magnetic currents can be approximated by forming
an equivalent 2D problem via the tangent plane approximation. Under the tangent plane
approximation, the cylinder under the small protrusion is replaced by a infinite ground plane
to yield the two-dimensional problem shown in Figure 4-11. The 2D problem is then solved

using the 2D FD-TD method (see Appendix C).

2=

A
Y
N

Z, 25

Figure 4-11: Approximate Equivalent 2D Problem for FD-TD/GO Hybrid Method

At this point the primed electric and magnetic currents are in terms of the scattered fields

from both the cylinder and small protrusion. In order to predict the scattering from the
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protrusion alone the reflected field from the cylinder is subtracted out.
Escat = Etot — Eine — Eren (433)

The original electric and magnetic currents are then replaced by new equivalent currents, J!
and M;, which account only for the scattering due to the protrusion. Since the cylinder is
being modeled as a ground plane near the protrusion, the reflected field can be found through
an analytic solution. Also, since the path for the contour integral in (4.32) extends infinitely in
both directions along the z-axis, it cannot be numerically evaluated. Image theory can be used
to rewrite the integral in terms of a contour path that only extends around the small protrusion.
Image theory states that the ground plane can be removed and replaced by image currents for
each of the original currents. Along the ground plane, the tangential electric fields are zero and
there is no magnetic current. The electric current along the ground plane, however, is not zero,
but the image current is in the opposite direction and the two currents cancel. Hence, the only
nonzero currents along the path C’ will be where the path does not lie on the ground plane. If

Jg,p and M, « 1 are the image currents of J; and Mj, the electric field can be written as,

ke —ik(po sin 6+ 0) i /4
E‘,’ (F) _ g'kr g~ th(posin 422 cos f) +ir/ PO dlle—ikg’ cos Be—ikf' sin @
y T 87k(sin 8 + sin6;) Jon

{iwnlaa+g9)- [0 + T (7)) — ik (96— ag) - M) + M5 (7))} (439)

where the closed loop path C”, shown in Figure 4-12, extends below the £-axis to the region
where the image currents exist. Equation (4.34) is an expression for the far-field scattered
electric field that arises from the protrusion alone and the interaction of the protrusion and the
ground plane, but does not include the scattered field that arises from the ground plane alone.

The radar cross section of the small protrusion alone is defined as

2 IES(T’ ¢) 9)'2

o ,9 = lim 4.7r7“ 157 (o £ N2
(¢ ) T—00 lEinc(r?¢’9)l2

(4.35)
In the limit as 7 — oo, the far-field expression for the scattered electric field can be used, so
that the RCS is found to be

|F(6)?

_ _ £0
o(¢=00) = e rend) |E;2 (4.36)
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Figure 4-12: Equivalent problem with the ground plane removed. The contour integral is now
a closed loop on the path C”.

where

—ik [g& — &g) - [M'(F) + M} ()]} . (4.37)

Since, the problem of modeling the small protrusion from the body of revolution has been
reduced to a two dimensional problem, it is convenient to relate the three-dimensional RCS of
the object on the BOR to the two-dimensional RCS of the protrusion’s cross section. In the
modeling to two-dimensional objects, the expression for the far-field electric field (See Appendix

B) is given by,

(5 — zkp+z1r/4 ——zk(:c sin 6-+z’ cos 9)
B(p) Voot {iwnlas+9)- 77

—ik[ag — g4 - M('ﬁ’)} (4.38)

Equation (4.38) is very similar to the expression for the electric field given in (4.32). One
important difference is the phase factor —ik(pgsin@ + z2 cos @) which accounts for the phase
difference between the wave reflected from the small protrusion and the wave reflected from the
large cylinder. Although this phase factor does not affect the RCS of the protrusion alone, it

must be considered when coherently adding the RCS of the protrusion and the large cylinder.
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4.3. THE FD-TD/GO HYBRID METHOD

If a ground plane is present, its effect can be accounted for, as before, using image theory,

so that the expression now becomes,

] — —ik(z' sin 8+2' cos §) —
E(p) = ‘/Sﬂk f {wu [Gé + g7] - [J(p)+J (p )]

— ik (a9 - ga] - [M(7) + M1 (7]} (4:39)

Using the definition of two-dimensional radar cross section,

| Escat(p, 9))

7O = B2 B, ) (40
the 2D RCS is found to be,
e
where
F(6) = f e tkesingiks'eos (i lad 1 gg) - [J(F) + Jo(7)]
— ik[§a — ag) - [M(F) + M (7)]}. (4.42)

Noting the similarities between (4.36) and (4.41), the following expression can be used to convert
from two dimensional RCS to three dimensional RCS for the small protrusion on an electrically

large conducting cylinder.

27r¢

0 4.43
sin§ + sing; 72D ( )

O3p =

Note, in this equation € and 8; must be large enough for the stationary phase approximation
to be vald or equivalently that kpo(sin 6+ sin#6;) is large. The formula can be further simplified
for backscatter RCS as,

To
4.44
sing 2P (4.44)

J93D =

so that at broadside incidence, § = 90°, the three-dimensional backscatter RCS of the protru-

sion alone is simply the product of the radius of the large cylinder and the two-dimensional
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backscatter RCS of the protrusion’s cross section.

4.3.2 Geometrical Optics Solution for RCS of Cylinder

In order to obtain the RCS of the entire target, cylinder and protrusion combined, the RCS of
the cylinder is needed. Because the cylinder is assumed to be large compared to wavelength,
high frequency techniques can be used to determine the RCS. Once the RCS of the cylinder
and the small protrusion have been obtain, they can be combined to find the total RCS.

The geometrical optics solution for the bistatic radar cross section from an elliptic cylinder

is given by [23],

a2b2\ | DL _ 1t2 ; ) .
705,61, 0, 0) = — o) 5 BT (63 +63+63) (4.45)
where

G1 = Af(aysinbssing, + a; cos ) — B (ag sin b, sin ¢)
Gy = a,sinf;(Acosds + Bsing,)
Gs = B{azsinbscosds + a,cosb;) — A(aysinf, cos ¢;)

A = sin8;cos ¢; + sinf, cos ¢,

B = sin6;sin¢; + sinf; sin ¢,

D = cosf; +cosb,

L = length of the elliptic cylinder

a = semi-major axis

b = semi-minor axis

ag,0y,a, = the z,y, and z components of the polarization vector

A = 2w/k = the wavelength.

For the special case of backscattering from a circular cylinder when ¢ = 0, equation (4.45)

becomes,

) 2
asin @ [e*DPL — 1\
= 4.4
a(9) 4k cos2 0 (4.46)

where a is the radius of the cylinder. At angles that correspond to broadside incidence and
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scattering the GO formula is very accurate, however, as the angle 8 approaches 0, the solution
becomes less accurate.

Due to the simplicity of the above formula, the GO solution for the backscattering from
a cylinder is used in the following sections. If, however, more accuracy is desired, it is also
possible to use the hybrid formulation with other high frequency techniques such as physical
optics and the physical theory of diffraction. By using these methods, the monostatic signature
of the cylinder can be more accurately obtained thereby increasing the accuracy of modeling

the cylinder with the small protrusion.
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4.4 Results of the FD-TD/GO Hybrid Method

As discussed above, the contribution of the protrusion to the RCS of the entire object can be
approximated by solving a two-dimensional scattering problem. In this work, the 2D scattering
problem is solved via the 2D FD-TD method (See Appendix C). The 2D FD-TD method is
used to calculate the 2D RCS of the two dimensional cross section of the protrusion on an
infinite ground plane. Once the 2D RCS of the protrusion alone is known, it can be combined
with the geometrical optics solution of the cylinder using the methodology described in the
previous section to obtain the total RCS. In addition, the relative phase of each scatterer must
be included to account for the different spatial location of each of the scatterers. In the following
two sections, the monostatic signature at 2 GHz of two different sized cylinders with the same
small protrusion is computed using the FD-TD /GO Hybrid method.

The first cylinder modeled, shown in Figure 4-13, has a radius of a = 25 cm, so that at 2
GHz, ka ~ 10. Typically, geometrical optics solutions are valid for values of ka > 20 [23], so

the results obtained are not expected to be very accurate.

m
m
(/]
I
L/
I
L.

|
|
!
]
'
]

44— 45 ch—> €+ 45em——>

Figure 4-13: Geometry for cylinder with ring.

As shown in Figure 4-14, errors introduced by the geometrical optics assumptions are ap-
parent. For example, at # = 90°, the RCS is overestimated by about 4 dBsm. In addition,
although the peak amplitudes of the side lobes are captured to some degree, the widths of

lobes predicted by the hybrid method are much smaller than those of the exact MoM solution.
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As shown in the plots are the results obtained by the PO/PTD method, which are in good
agreement with the BOR MoM predictions for angles near broadside incidence. As the aspect
angle moves away from broadside incidence, however, the PO/PTD predictions becomes less
accurate. This indicates that the effect of the protrusions is not significant for angles near
broadside incidence, and for angles where the small protrusion does play a significant role, the

PO/PTD does not accurately model its effect.

;g \ \ ‘,’/{‘ \\ /"I 1,'\ “11\ ‘|‘I.'\\\/ /
SN A AL VY YV
2 M T AT
o L i
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Figure 4-14: Hybrid FD-TD/GO monostatic RCS predictions of cylinder with ring is compared
to MoM predictions. Shown is VV polarization at 2 GHz for a cut in 8 with ¢ = 0°.

Still, the hybrid method correctly models the amplitude, on average, of exact RCS predic-
tions. However, as mentioned previously, it does not accurately model the widths of the side
lobes. One possible reason is that the geometrical optics solution for the scattering due to
the cylinder alone is not very accurate for a cylinder of this size. In the next section, a larger

cylinder with the same protrusion as above, is modeled.
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As the previous example demonstrated, in order to apply the hybrid method, the overall size
of the target must be larger. In the next example considered, the cylinder, shown in Figure 4-

15 is chosen to have a radius a = 75 cm. With this radius at 2 GHz, ka = 30, which implies

«———145m— <“«—145m—

Figure 4-15: Geometry for larger cylinder with ring.

that the geometrical optics solution should be valid. Although, the size of the cylinder has
increased, the effect of the protrusion should still be evident for non-broadside aspect angles.
As evidenced by Figure 4-16, the hybrid technique yields accurate results for angles up to 45°
from broadside incidence, approximately matching both the amplitude and width of side lobes.
Also shown in the plot is the PO/PTD prediction for this geometry. As expected, at angles
near broadside incidence the PO/PTD method accurately predicts the monostatic signature,
however, as the aspect angle departs from broadside incident the PO/PTD predictions become
less accurate. This is due to the fact the PO/PTD method cannot accurately model an object
of the protrusion’s size.

On the basis of the two previous examples, it is clear that the hybrid method is effective in
capturing the effect of the small protrusion. One possible approach for improving the accuracy
of the hybrid method is use a more accurate high-frequency model of the scattering from the

cylinder alone.
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Figure 4-16: Hybrid FD-TD/GO monostatic RCS predictions of larger cylinder with ring is
compared to MoM predictions. Shown is VV polarization at 2 GHz for a cut in  with ¢ = 0°.
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4.5 Summary

In this chapter, two methods for reducing the computational burden associated with computing
the RCS of large targets have been presented. The first method reduced the computational
burden associated with computing the monostatic signature over a broadband of frequencies.
In contrast, the second approach reduced computational requirements for BOR objects of large

electrical radius by using a hybrid FD-TD and Geometrical Optics formulation.

In applying the first method, a single FD-TD BOR simulation was used to calculate the
monostatic signature for one incident angle, as well as bistatic signatures for adjacent obser-
vation directions. The bistatic equivalence theorem was then used to approximate monostatic
signatures for other angles near the incident direction of the actual FD-TD BOR simulation.
The principle was applied to the monostatic RCS prediction a simple cylinder and a biconical
shaped object. In the case of the cylinder, only two BOR FD-TD simulations were required
to obtain accurate monostatic signature estimates. In the modeling of the biconical target,
however, the bistatic signatures for several incident angles were required to accurately estimate
the monostatic signature. Still, in comparison to the PO/PTD method, where predictions
were only accurate for aspect angles near broadside and backend, the equivalence principle’s

estimates were more accurate overall.

The FD-TD/GO method was applied to determining the effect of a small BOR protrusion
on a large cylinder. The scattering from the protrusion was modeled using the two-dimensional
FD-TD method, while the scattering from the large cylinder was calculated using Geometrical
Optics. As shown in the two targets modeled, the hybrid method was shown to have an
accuracy advantage over the PO/PTD method since it was able to capture the effect of the
small protrusion while the PO/PTD method was not able to do so. Moreover, because only the
two-dimensional cross section of the small protrusion is modeled rigorously, the computational
requirements are small compared to applying an exact technique to the full target, which would

otherwise be necessary since, as shown, high-frequency techniques cannot be applied.

While the hybrid method was applied to the scattering from a large cylinder with a small
protrusion, the method could in general be applied to other large body of revolution targets
under the following two conditions. The first condition is that the interaction between the
endcaps of the large BOR target and the small protrusion be small. The second condition is

that the radius of the target near the protrusion must be large so that the saddle point method
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and tangent plane approximation can be used. In order to determine the RCS of the overall
target, however, an accurate model must be available for the large BOR target. If the target is

a simple large shape, such as a cylinder or cone, PO/PTD predictions should be sufficient.
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Chapter 5

RCS Prediction Using the BOR
Parabolic Wave Equation Method

In the previous chapters, both exact and approximate techniques for predicting the radar cross
section of body of revolution objects were described. Although the BOR FD-TD method can
provide accurate RCS predictions, it is requires a large amount of memory and computation
time; on the other hand, the GO/FD-TD technique requires less computation time and memory,
but it can only be applied to limited geometries. Clearly, a more robust and accurate, yet
computationally inexpensive technique, is needed to accurately model large body of revolution
targets. One possible approach described in this chapter is the application of the paraxial
approximation to the modeling of scattering from body of revolution objects. As with the
BOR FD-TD technique, the fields are decomposed into a Fourier series in ¢ reducing the three
dimensional problem to a sequence of independent two dimensional problems. In order to
further simplify the computation, electric fields are assumed to be composed of a explicit fast
phase factor and a slowly varying envelope function. The assumed form of the electric field
is then substituted into the time-harmonic vector wave equation so as to obtain a new wave
equation in terms of the slowly varying envelope functions. Because the new field variables are
slowly varying, higher order derivatives with respect to range are neglected, reducing the vector
wave equation to a set of coupled parabolic partial differential equations. These equations can
then be solved using an efficient marching in space approach, so that the memory requirement

for the method is one-dimensional.
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5.1 Time-Harmonic Vector Wave Equation

The first step in applying the PWE technique involves writing the vector wave equation in a
form appropriate for modal decomposition. The time-harmonic wave equation, derived from
iwt

Maxwell’s equations is (e7*** convention),

V2E(r) + k*E(r) =0 (5.1)

where E is the time-harmonic electric field and k is the wave number. In the Cartesian coor-

dinate system, the electric field is of the form,

—

E = 3E.(z,y,2) + §Ey(x,y,2) + 2E.(z,y, 2). (5.2)

Because the unit vectors, Z, ¢, and Z are independent of position, the vector wave equation can

be separated into the following three scalar equations.

2 P,

(W+62+8—2—+k)Em = 0 (5.3)
P 9 9,

(W+32+F+k)Ey =0 (5.4)
? 8 &

(33:2 82+W+k2)E" = 0 (5.5)

In the modeling of body of revolution objects, the cylindrical coordinate system is used where

the electric field is of the form,

E(r) = pEp(p, 6, 2) + $Ey(p, 6, 2) + 2E:(p, $, 2). (5.6)

Unlike the Cartesian coordinate unit vectors, two of the cylindrical coordinate unit vectors, p
and qﬁ are not independent of position so that,

Vi(pE,) # PV'E,

Vi(¢Es) # ¢V Ey. (5.7)
Consequently, the vector wave equation can not be reduced to three independent scalar equa-

tions as in the Cartesian coordinate system. In order to reduce the vector wave equation to a set
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of scalar equations in cylindrical coordinates, it is first necessary to rewrite the wave equation
in its alternate form,

V(V-E)~V xV xE=—k*E (5.8)

where the vector identity,

—

VIE=V(V-E)-VXxVxE (5.9)

was used. The alternate form of the vector wave equation can now be expanded and reduced

to the following three scalar partial differential equations,

E, 20E
E; 2 0F
V2E, = —k’E, (5.12)
where
2, 10 ( f”_w) 19 %
VY= pop \PBp) T Fog T B (513

Unlike (5.3)-(5.5), which are independent of each other, equations (5.10) and (5.11) are coupled
and must be solved simultaneously. However, equation (5.12) is not coupled to equations (5.10)

and (5.11), and it can be solved independently.

In the following section, equations (5.10)-(5.12) will be simplified to a set of coupled
parabolic partial differential equations by assuming propagation along the z axis. It is also
possible to to assume propagation along a different direction, but because of the additional
complications involved, the off-axis scattering formulation will not be discussed. In the Carte-
sian coordinate system, additional paraxial direction formulations can effectively be obtained by
simply rotating the object being modeled and the direction of incident wave. However, a body
of revolution object rotated in the cylindrical coordinate system will no longer be symmetric
about the z—axis, which implies that the fields can not be decomposed into a Fourier series in
¢. Thus, the parabolic version of Maxwell’s equations must be reformulated for each paraxial

direction in order to maintain the axial symmetry of the object being modeled.
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5.2 PWE Formulation for On-Axis Scattering

5.2.1 Paraxial Approximation

Before describing the derivation of the paraxial approximation for the BOR case, it is useful to
review the derivation in the Cartesian case. In the Cartesian coordinate system, the paraxial
version of Maxwell’s equations are derived by assuming the following form of the electric field
[34, 36, 38, 59].

E(z,y, z) = e**(z,y, 2) (5.14)

where z,Z is the slowly varying envelope function associated with the electric field, E. The choice
of the above definition of 1/; defines the paraxial, or range, direction to be in the Z direction. In
this case, the envelope function 1/—)' will be slowly varying in range for energy propagating close
to the paraxial direction. Substituting the above definition into the vector wave equation yields
three independent scalar equations. For example, the equation governing the & component of
¥ is,

Py hy | Oy

O
Ox? oy? * 022 + 2ik 0z

= 0. (5.15)

Similar equations exist that govern the § and Z components of 1/_; The above equation can then
be factored into two equations, one representing energy propagating in the forward paraxial

direction, and the other representing the backward propagating energy,

0 0
[5; + k(1 — Q)] [55 +ik(l+ Q)| =0 (5.16)
where
1 62 1 92
Q= \/ﬁ Ox? + k2 9y? +L (517

The equation representing the forward scattering energy will be

[% + k(1 — Q)] Y, =0 (5.18)

The forward scattering equation can be further simplified by approximating the square root in

the @ operator as a two term Taylor series.

1 (9 &
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Under this approximation, the forward scattering equation reduces to the standard parabolic
equation (SPE), which is a narrow-angle approximation very accurate for angles within 15° of

the paraxial direction [59].

e i [P | 0%y
9z 2k (8:62 * oy? (5-20)

Note that the SPE can also be derived from (5.15) by making the paraxial approximation where

the §%¢/0z% term is assumed to be very small and is neglected.

In the formulation of the BOR PWE method, the paraxial direction for the scattered electric
field is taken to be along the axis of symmetry in the +Z direction. In addition, in order to
exploit the axial symmetry, the electric field is decomposed into a Fourier series in ¢ so that

the form of the electric field is,
E = %tk Z Ymulp, 2) cos Mo + Y 4 (p, 2) sinme. (5.21)
m=0

Substituting (5.21) into the three scalar wave equations, (5.10)-(5.12), and utilizing orthogo-

nality, yields the following set of modal equations.

azgi%,,, N % 312?;,0 N 825/;%,” N 2Z,kaz/(;%,v _ (ml + 1) vo, 2[)_?%# =0 (5.23)

a?{;z;f;,u N % az/éf;,u . 82;@;”3,1, N Qik% _ BPW;Qp;L,u 0 (5.24)
a;p%,,, + %aﬁ%’” + 82(;{; ’Z‘ + 2ikaﬁ%’” - (mi); 1) Yo T %T;—%w?ﬁ,u =0 (5.2)
ai;i%’" + %812%’" + 82(;2 %’“ + 2ika%%'u - (mzpj 1) Y+ 2;)_7? my =0 (5:26)

As with the BOR FD-TD method, the modal equations separate into two decoupled sets of
equations. The first set, equations (5.22)—(5.24), contain the fields excited by a horizontally
polarized plane wave, and the second set, equations (5.25)-(5.27), contain the fields excited by

a vertically polarized plane wave.
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Because of the coupling between the ¥* and ? fields, a factorization similar to that done
in the derivation of the SPE is not possible, however, the paraxial approximation can still be
used. Under the paraxial approximation, the 92/922 terms are neglected, which reduces the

scalar wave equations, (5.22)-(5.27), to the following.

821/)7/;11-& 1a¢7gnu 0 1’;1 m?+1 2m
b o 221 = - £ w— 8, = 5.28
ap? +P ap tk g 2 mu 7 Ym,v 0 ( )
O*Yg O e 2 5
wm,v _+_£|-_ wm,v + %k ¢m,v . m-+1 6 __m P (529)
9> p Op oz 2 mu "2 Ym
P 100 o O mP
o7 o op e o me? (5.30)
Py | 1095, e, [(mi+1 2m
m,v - U . v o m s _
32 " p 9p + 2k =5 7| Ve T g ¥ma =0 (5.31)
Py, 103, o, [mE+1 9mn
Tt o, TR fu+ ¥, =0 5.32
o T Bp 0 R R (5:32)
Y, | 100 ML, m?
’ - i :}Zg.k————m’v —_— £ ‘:0 .
6[)2 + P Bp t 9z ,02 wm,v (5 33)

The above six equations represent the paraxial modal version of Maxwell’s equations. It should
be noted that solutions that satisfy the above equations do not exactly satisfy Maxwell’s equa-
tions. With the paraxial approximation used, the calculated fields will be accurate within 15°
of the paraxial direction. In addition, the paraxial approximation breaks down when energy
scattered by the object undergoes large changes in direction. For example, the PWE method
does not perform well in the modeling of non-convex objects and cavities [59] where multiple
scattering interactions can occur. Another difficulty involves the modeling of objects small com-
pared to a wavelength where creeping waves can travel all the way around the object. Creeping
waves that travel around the object more than once can not be captured with the PWE method

due to the one-way nature of the technique.

5.2.2 Boundary Conditions for a PEC

In order to model the scattering from a perfect electric conductor (PEC), the boundary condi-
tion given in (2.51) is used.

AxE=0 (5.34)
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Due to the linearity of Maxwell’s equations, the total electric field can be split into a scattered

field component and incident field component such that,
Etotal = Escat + Einc (535)

where both the Es.¢ and Ej,. components must independently satisfy Maxwell’s equations.
In the PWE formulation, the parabolic wave equations are written in terms of scattered fields
rather than total fields. As shown in Figure 5-1, this enables the independent specification

of the paraxial and incident wave directions. If the parabolic wave equations were written in

p
A

Incident Wave

e ™

.~ paraxial cone

Paraxial Direction )

Figure 5-1: BOR PWE Paraxial Direction and Incidence Direction

terms of the total fields, a plane wave would need to be propagated towards the object being
modeled. In order for an accurate representation of the wave to reach the object, the incident
and paraxial direction would need to be in the same direction. The scattered field formulation
removes this restriction through the use of the following boundary conditions.

Defining the 9 variables in (5.28)—(5.33) to be scattered fields, the boundary conditions for

a PEC can now be written as,

i x E = x [E*‘+E’*] =7 x [B' + e8] =0 (5.36)

121



CHAPTER 5. RCS PREDICTION USING THE BOR PWE METHOD

where E is the incident field, E? is the scattered field, and T is the envelope function for the

scattered field. Assuming that both the E' and ¥ fields can be decomposed as,

— .

E =

M=

€ COS TP + é‘,,’;,v sinme (5.37)

0

3
I

P COS M + Py STRMD (5.38)

M=

U =
0

3
I

and utilizing orthogonality, independent boundary conditions for each of the Fourier mode
components can be written.

A % [é’i T ei““zu?mu)u] =0 (5.39)

Mu,v

Since the boundary conditions will be the same for both the sine and cosine Fourier components,
the m, u, and v subscripts will be omitted. In the modeling of body of revolution objects, the

normal to the object’s surface can be written in general as,
il = —Zcosa+ psina (5.40)

where a is the angle between the unit 2 vector and the surface normal vector. Expanding (5.39)

with (5.40),

(—Zcosa+ psina) x (f)ef, + qgefb + éei) = 0
—¢cos ael, + pcos aefl, + 2 sinaeﬁb — ¢sinael = 0 (5.41)

=1

t — &

where € + eFt*2y). Equation (5.41) can be separated into the following two scalar

equations.

cosay, +sinayp, = —eTikz [cos ae;, + sin ae;]

Y = —eTe (5.42)

From (5.42), it is clear that if the incident wave propagates in the direction of the paraxial
direction, the exponential phase factor in the boundary condition becomes zero. As the angle
between the incident wave and paraxial direction increase, the exponential phase factors in-
creases to a maximum of 2ikz in the case of backscatter where the incident wave propagates

in the exact opposite direction of the paraxial direction. In order to accurately represent this
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phase variation, smaller step sizes in z are needed as the angle between the incident wave and
paraxial direction increases. Consequently, backscatter calculations require more computation

time, since the total number of range steps increases with the smaller step sizes.

The boundary condition in (5.42) forms a linear system with two equations in terms of three
variables. Hence, an additional equation is needed in order to ensure a unique solution. This

is provided by the divergence-free condition of Maxwell’s equations,
i s _ 7. s . | .tikz |
VB + B =V B+V-E =V ¥ =0 (5.43)
=0

where it is assumed the incident field component of the total electric field satisfies the divergence-

free condition. Expanding (5.43) using (5.38),

18

>9p [pzp cos m¢ + pyy, , sin m¢>jl etthe 4 % [—wf;z,u sinme + ¢f;w cos mqﬁ] etikz

EWE: ? )
+ [ wm,u cosmae + _¢m’v sinmao + ik ('Lﬁ,z.:,.,, L Cosme + I | sin mqﬁ)] e=** = 0 (5.44)
oz 0z ' 7

where the cylindrical coordinates form of the divergence operator was used.

10 16A¢+8A

Next, by orthogonality, the sine and cosine terms for each mode can be separated, reducing

(5.44) to the following modal equations.

6 mu
—;—5;(/)1/) >+1Z—w;€,,,, ’/’ tikpZ, = O (5.46)
8 mv
%%w )—%z/z?;,u ¢ +ikgZ, = 0 (5.47)

In order to avoid estimation of range derivatives, the parabolic equations (5.30) and (5.33) are
used to yield an expression involving only the fields at one range step. Equations (5.46) and

(5.47) are rewritten as,

19 s 1005, | Pvnu. m? _
10 - i\ [10¢F, 0L, m? |, 3
pap(pwmv) - —¢ u Tk, , & (g) {; 9p + o2 —pz—«pm,v = 0. (5.49)
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While the divergence-free condition ensures a unique solution to the boundary condition in
(5.42), it also serves to enforce the divergence-free nature of the scattered fields. While a solution
to the paraxial version of Maxwell’s equations does not guarantee that the fields are divergence-
free, it can be shown [59] that if the fields along the object’s boundary are divergence-free, then
the solution to the paraxial version of Maxwell’s equations, (5.28)—(5.33), will be divergence-free

everywhere.

5.3 Discretization of Parabolic Wave Equations

In order to solve for the scattered fields, the parabolic equations in (5.28)-(5.33) must be
discretized. The following approximations to first and second derivatives are used in the dis-

cretization.

9f(§) fE+AL —F(&) _ fnr1—fn

8—§ R Af = A (5.50)
of(£) ~ fE+AL - FE=-DE) _ far1— fn (5.51)
) 2AE 2AE '
PF(E) . FE+2A8) —2f(E+ A+ F(E) _ farz =241+ fn (5.52)
oz~ At - A€ '
PF(&) _ FEHAY=2f(E)+F(E—=AE) _ far1 ~2fn+ fr (5.53)
oz A¢ - A¢ '

Equations (5.50) and (5.52) represent first order accurate approximations of the first and second
derivatives, whereas equations (5.51) and (5.53) are second order accurate approximations of the
first and second derivatives. Although the central difference approximation is more accurate,
it will not always be possible to use this form of discretization due to the placement of the
field components on the computational grid. In the case of the range derivative, however, it is
desirable to use the first order accurate representation so that a marching in space approach

can be used to solve the parabolic wave equations.

5.3.1 Difference Equations for Freespace Fields

Without loss of generality, the first set of parabolic equations, (5.28)-(5.30), will be used in
deriving the difference equations. The difference equations for the second set can be found
by simply replacing m by —m and interchanging the v and v subscripts in each of the six

equations. Also, since only one set is being considered the u and v subscripts will be omitted
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in the following sections. The following notation will be used for any function of space in the

finite difference equations.

Ynt = Y(nAz,l1Ap) (5.54)

As shown in Figure 5-2, the computational domain extends from n = 0and [ =0ton = N

and | = L+ 1. One general technique for solving parabolic equations is the backward difference

Perfect Conductor
ABC

Scatterer

#f’

=0 P
-
n=0 f \
Range step n Range stepn + 1
Figure 5-2: BOR PWE Computational Domain
method [12]. For example, consider a general parabolic equation of the form,
0Y(p,z) _ 20%P(p,2)
= 5.55
2 ==L RE 4 S50, 2) (5.55)
with the following boundary conditions,
¥(0,p) = f(p) (5.56)
P(2,0) = p(z) (5.57)
P(z,(L+1)Ap) = q(2). (5.58)

125



CHAPTER 5. RCS PREDICTION USING THE BOR PWE METHOD

For I = 1, L, equation (5.55) can then be discretized into the following form,

Y1l — ¥ny 2 Vnt1041 = 2Vni10 + Yni10-1
y 3y — ) 3 i) S .

With the given boundary conditions, a linear system with L + 2 unknowns can formed to solve
for the fields at range step n + 1 using the value of the fields at range step n. In this way, given
an initial condition at range step n = 0, all of the fields from range step n =0 ton = N can
be solved for using a marching in space approach. Also, since the fields at range step n + 1
depend only on the fields at range step n, the method has a one-dimensional computer memory

requirement.

Although, the backward difference method is an explicit finite-difference method, it does
not have the same stability conditions required when using the FD-TD method. This is due to
the fact that the Courant-Friedrichs-Lewy (CFL) stability condition applies only to hyperbolic
and not parabolic partial differential equations. Thus, the criteria for choosing the Ap and Az

step sizes depends only on the accuracy of the solution needed.

The parabolic equations for the BOR PWE method can be discretized in a similar fashion. In
order to have a well posed problem, however, boundary conditions must be specified including
an initial condition. Since the PWE method solves for the energy scattered in the paraxial
direction and the plane wave source is implemented through the boundary conditions along the
surface of the object, the initial field for the marching algorithm will be zero. For example, in the
case of forward scattering in the 2 direction, the fields at the initial range step cannot not have
any forward propagating components since the object has not yet been reached to introduce a
scattered field through the boundary conditions. In this case, the initial condition is 1/; (0,p) =0.
The parabolic equations can then be solved by marching in the +2 direction. Similarly, if the
paraxial direction is in the —Z direction, the initial condition will be ¥(NAz p) = 0, and the

parabolic equations are solved by marching in the —% direction.

In addition to the initial conditions discussed above, two additional boundary conditions at
the upper and lower sides of the computational domain are needed. The boundary condition
along the bottom edge of the computational domain is accounted for by using the on-axis
equations developed in Section 5.3.2, whereas the domain is truncated along the upper side by

using an absorbing boundary condition discussed in Section 5.4.

Using the backward difference methodology, the difference equations when the paraxial
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direction is in the 42 direction are given by,

Yhi1a— Vi _ b h 11— 2900t Yriri-1 | Yt — Yhotio
Az 2k (Ap)? 1(2Ap)2
m?+1 2m
(lAp)2 ¢n+1 l (lAp)Z ¢n+1 l] (560)
¢n+1z ¢2,z _ & z/’ZH,HA - 21/’f+1,z + wgﬂ,z—l ¢s+1,z+1 - Q/’1dz)+1,z—1
Az 2k (Ap)? 1(2Ap)?
m? +1 2m
(lAp)2 ¢n+1l (lAp)2 ¢£+1,l] (5-61)
i1l ~ Yy _ b Vi — 2% i1 Vi — Yheiaa
Az 2k (Ap)? 1(2Ap)?
m2
- Wiﬁiﬂ,z] - (5.62)

Similarly, the difference equations when the paraxial direction is in the —2 direction are given

by,

¢£+1,1 - ‘/’z,z _ .t ¢5,z+1 - 2¢5,1 + ’/’5,1—1 ¢Z,l+1 - ¢z,z—1
Az 2k (Ap)? 1(2Ap)?
m? + 1
~ Tao e~ A } (5.63)
Yai1s ~ Vi _ .t Ui — 2+ ¥ + Yari1 ~ Yaio1
Az 2k (Ap)? 1(2Ap)?
m>+1 4 2m .,
" B Y BV (564
nitd ~Yag [ Yaan — 2t Yni | Yha Ve
Az Y (Ap)? 1(2Ap)?
m2 z
B (lAp)2wn'l] | 509
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In each of the above equations, the first and second derivatives with respect to p are discretized
using central difference approximations. Although the discretization of the first derivative used
is second order accurate, the fields are spaced two steps sizes apart so that the error will be
on the order of 4Ap?, whereas the truncation error of a first order discretization will be on the
order of Ap. Hence, if Ap > 0.25, a first order discretization will be more accurate and should

be used.

5.3.2 Difference Equations for On-Axis Freespace Fields

Along the z axis at any z = zg, the p and é cylindrical coordinate components are not defined,
so the discrete field components corresponding to | = 0 are placed at p = Ap/2 instead of at
p = 0. In addition, since the computational domain must be truncated at the lower boundary,
the difference equations presented in the previous section cannot be used. Instead, first order
accurate discretizations of the first and second derivatives with respect to p must be used. The

difference equations for the on axis cells when the paraxial direction is in the +2Z are given by,

Yhi1o— Yho _ b Yhi1a— 200 11+ ¢Z+1,0 N Yni11— Phi10
Az 2k (Ap)? 0.5(Ap)?
m? + 1
¢£+1,0 - Tpg,o _ b ¢2+1,2 - 21/’24»1,1 + 1/)Z+1,0 ¢$+1,1 - ¢5+1,o
Az 2k (Ap)? 0.5(Ap)?
m?+1 2m P
" EAE Y0 (0.5Ap)2¢"+1’0] (567
Yri10 — Yo _ K2 Yri12 — 2¥n411 + Yngio + Y11 — Yrt1,0
Az 2k (Ap)? 0.5(Ap)?
2
m
— ) . 5.68
(0.5Ap)2 Yni10 (5.68)

Similar difference equations can be written for the case when the paraxial direction is in the

—Z direction.
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5.3.3 Difference Equations for Boundary Conditions

The difference equations presented in the previous two sections apply to fields not along the
object boundary. In order to generate the scattered field, the boundary conditions described
in Section 5.2.2 must be enforced. Thus, for lattice points that lie on the object’s surface,
the freespace difference equations are replaced by the discretized boundary and divergence-free
conditions. Since the boundary condition given in (5.42) does not contain any derivatives, its

discrete version is simply,

cos & 1,11,’:,, +sinay, = —eFikz [cosa efj(lAp, nAz) +sina el (1Ap, nAz)]

Yh, = —eTHel(IAp, nAz) (5.69)

where the values of the incident field, ef,, efb, and e are calculated analytically. Since the
derivatives with respect to p at lattice point (n + 1,1) must be approximated using only points
that lie along and outside of the object, a first order accurate discretization of the first and
second derivatives is used. In this case when the paraxial direction is in the +2 direction,
the discrete version of the divergence-free condition corresponding to the first set of parabolic

equations is,

[ Pngiin ~ Yoy 1 Yrsigre = 2Wniin H ¥ m? v
2k I(Ap)? (Ap)? (1Ap)2 n+1,1
(l+1)¢p 111”(1)1/);) 1,1 m .
n+ l;p ntlt lAp¢z+1’l +ikyny, = 0. (5.70)

As usual, the divergence-free condition corresponding to the second set of parabolic equations
can be found by replacing m with —m. Similarly, the discrete version of the divergence-free

condition when the paraxial direction is in the —2 direction is,

Vg — Y + Vngre = 2Wnpn H ¥, m? v
2k | U(Ap)? (Ap)? (1ap2 "™
U+ —WDh,  m 4 2
2 : —1 =0. 71
+ lAp + lAp"/)n,l Zk%bn,z (5 7 )

5.3.4 Matrix Formulation

The difference equations presented in the previous sections can be used to formulate a matrix

equation in terms of the 1 variables. At each range step, there L + 2 unknown %), variables,
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L + 2 unknown 14 variables, and L + 2 unknown ¢, variables for a total of 3L + 6 unknowns.

At each range step, the finite difference equations and boundary conditions presented in the
previous three sections can be used to form a (3L + 6) x (3L + 6) system of linear equations
that must be solved. In the case of forward scattering, the linear system formed can be written

as the following block matrix equation,

App Ap¢> Apz “/’ZH (4
Agp Agg Agz Yoo | =] v (5.72)
Azp Aqu Azz 1/’7214-1 zp}zz

where the elements of the A matrices come from the difference equations given in the previous

sections and

%
n,0

Py = : (5.73)

Un,L+2

for ¢ = p, ¢, z. If at range step n + 1 there are no boundary conditions to enforce, then the A,,,
Asg, and A, matrices will be tridiagonal matrices, the A,4 and Ay, matrices will be diagonal
matrices, and the remaining 4,;, A,,, Ay,, and A,4 matrices will each be zero matrices. In this
case, only the ¥, and 14 terms are coupled; the 1), terms can be solved for independently. At a
boundary condition, however, all three fields are coupled. In this case, all of the block matrices
will contain nonzero elements except for the Ag,. This is due to the fact that ¢y and ¢, terms
are only coupled in the divergence-free condition and not in the boundary condition given by
equation (5.42). In both cases, the resulting matrix is sparse and can be efficiently solved by
using an iterative technique, such as the biconjugate gradient method. In addition, the sparsity
of the matrix can be exploited to reduce the memory requirement by storing only the nonzero
elements of the matrix. In fact, the upper bound for the number of nonzero elements for a
system with 3L + 6 unknowns is 11L — 2n + 14, where n is the number of separate boundary
conditions that must be enforced at the current range step. Thus, the memory requirement is

linear, an improvement over the quadratic memory requirement of dense matrix methods.

Although, the choice of the step sizes does not affect the stability of the method, it does

affect the condition number of matrix formed by the difference equations. In such cases, iterative
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solution techniques such as the conjugate gradient may not converge to the correct solution.
In particular, it has been observed in numerical experiments that the condition number of the
matrix increases as the number of boundary conditions that need to be enforced increases.
This is due to the fact that the matrix becomes less diagonally dominant with more boundary

conditions since the matrices A,,, Agy, and A, are no longer fully tridiagonal.

5.4 PML Absorbing Boundary Condition

As with the BOR and 2D FD-TD techniques, the computational domain in the BOR PWE
method needs to be truncated. Due to the nature of the technique in which the solution is
marched along the z—axis, an absorbing boundary condition is only needed to truncate fields
propagating in the p direction. Since the BOR PWE method is formulated in the frequency
domain, the BOR PWE PML formulation is most easily derived from the complex coordinate
stretching viewpoint described in Chapter 2. As in the BOR FD-TD technique, the following

mapping is defined.
P
5= [ sule)ap (5.74)

In order to have a lossy PML region, s,(p) is defined using a quadratic profile for a, and o, as,

o) ] p<po (5.75)

=TT T e () 1 0(5) (52) 050

where the PML region begins at p = p,, I' is the thickness of the PML region, and « and 3
are parameters used to control the absorptive properties of the PML. As with the BOR FD-
TD PML formulation, Maxwell’s equations can be recast into the same form of the original
Maxwell’s equations but on a complex variable spatial domain. Under the change of variables
the del operator becomes,

190 0

- R o .
VoV =jgztdogstig (5.76)

The derivation of the parabolic wave equations can then be carried as before on this new
complex variable spatial domain. For example, the parabolic wave equation for the 3? field in

the PML region is,

Pty 10V oo s (mz +1

2m
072 ' p 0 9z )M"“_ =5 Une =0. (5.77)
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While equation (5.77) is of the same form of the parabolic wave equation for the ¢ field derived
in Section 5.2.1, it cannot be discretized in the same manner due to the complex spatial variable
derivatives. Instead, these derivatives must be recast in terms of real spatial variables using the

following relations,

10 118
2L - 24 5.78
pIp pspOp (57
0? a0 101 0 1 o 1 9
s i alH@)-es8) e
where
P P < po
plp) = . . (5.80)
p+ [+ B(L)] £>po
and
o (1 22 (p = po) + 2L (p — po)
ol = 5 (1) - - Hezpran (5.51)
P\ %o

2 212’
[1+a(/’-—}"°) + £ () ]
Equation (5.77) can now be written in terms of real spatial variable derivatives as,

2
1 & 1’;1 u qp 1 ‘91/% u 8¢£¢ u m? +1 2m
PR > Bt all ERRALE Aol 2‘k ) — p _ ¢ — 0 5.82
(3/)) apz * Sp + ﬁsp ap + 2 82 52 m,u ﬁ2 me,u ( )

Equation (5.82) can now discretized using central difference approximations. Unlike the BOR
FD-TD PML, the fields do not need to be split since the PWE formulation is done in the
frequency domain. Also, note that equation (5.82) reduces to the freespace parabolic wave
equation when o = = 0. Since there is no additional cost in memory, it convenient to use
scalar wave equations for a generalized PML media in place of the freespace difference equations
derived in the previous sections. For the freespace region, the parameters a and 3 are simply

set to zero. Discretizing (5.82) yields,

. p
’/’ZH,[ - d’z,l e [ 1 ¢Z+1,l+1 - 2¢n+1,l + ¢£+1,z—1 _ <m2 + 1) p

Az T 2k s2(1) (Ap)2 72(0) n1)l
g(1) 1 Yh e = Yhitio _2m 4 .
" <sp(l) " s?,(l)ﬁ(l)) 5Ap 0y Ynrra| =0 (5.83)
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where

o0 =180+ L2 a4 00) ()] 4o (5.54

20(l) (1 = 1) + 280 (1 — 1)

0)=- (5.85)
v N [1 o)) ()’ + £ (%)2}2

and p = [Ap, p, = l,Ap, and T' = yAp. The parameters o and 3 can be defined in terms of

unit step functions,

a(l) = au(l — i) (5.86)
B(1) = Bou(l — 1,) (5.87)

so that they are zero in the freespace region and nonzero constants in the PML region. The
values chosen for «, and 3, depends on the thickness of the PML region. As with the fields in
freespace, the PML region must be truncated, and this is done by setting the value of the fields
beyond the PML to be zero.

5.5 Plane Wave Decomposition

As with the FD-TD methods, all the fields inside the computational domain are initially set
to zero. For RCS and scattering simulations, a plane wave excitation is used. Unlike the FD-
TD methods discussed in the previous chapters, the plane wave excitation for the BOR PWE
method is implemented through a scattered field formulation. That is, no plane wave source
is propagated from some initial source position, but rather the scattered fields arise from the
enforcement of the boundary condition for tangential electric fields, E;cot = — Ejpne, as discussed
in Section 5.2.2. The incident field quantity is calculated using an analytical expression for the
plane wave source. Similar to the plane wave source used with the BOR FD-TD method, the
general form of the incident electric field can be written in terms of horizontal and vertical

polarization components in time-harmonic form as,

E; = (Bah+Eyp)e®r (5.88)
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where

Fo= xT+yy+ 2z
I%i = —xsinf; — Z cosb;
ki -7 = —xsinf; — zcos@; = —pcos psinf; — zcosb;
h = i:cosﬁi—ésin&-:ﬁcos&,-cosgb—&)cos@isingz&—ésint?i
D = §=d¢cosp+ psing. (5.89)

Expanding the incident electric field yields,

Et = [Eh ([) cos 8; cos ¢ — gZ)cos #;sin¢ — Zsin 9i>
+ E, ((]AﬁCOS ¢ + psin ¢)} e~ik(pcos¢sin 0;+zcosb;) (5_90)
such that
E}; = [Epcosb;cos ¢+ E,sing) e~ tk(pcos ¢sin ;42 cos 6;)
Efp = [~FEpcosb;sing + E, cos ¢] ¢~ k(pcos ¢sin b;+2cos b;)
Ef: — ['Eh sin ei] e—ik(pcosq&sinei-&-z cos 01-). (5.91)

Since the scattered fields have been expanded in a Fourier series in ¢, the incident fields must be
decomposed into their Fourier components. For example, the e, ~ components of the incident

electric field are calculated from,

Ey kzcost; [T ikpsin 6;
e(l;u — —COS@,;e_l zZcos ,/ COSd) e tkpsin ,cos¢d¢
! 27 0
E, . ) 2m i . o
+2_7Tve zkzcosQ,/O smqb e tkpsin §; cos¢>d¢
Ep hzcost; [T ikpsin 6;
ef n = —cosfe s ‘/ cos m¢ cos ¢ e P iS¢
b 7-(- 0
By _ikzcosti [°7 ik psin 6;
+—e 1S '/ cosmesin ¢ e kpsinbicosé gy, (5.92)
™ 0
o
€y = 0
2
P _ Ep g, ¢~ tkz cosb; T —ikpsing; cosd)dd)
€my = - cosbie sinme@cos¢ e
0
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+ ﬂe—ikz cosé;

s

2 . .
/ sinm@sin ¢ e HhPsindicosd g (5.93)
0

The remaining two components of the electric field can be expanded in a similar fashion. In

order to evaluate the resulting integrals the following relationships are needed,

/0 7 cosmep e-kosnticos gy gram¥E 1 (ocing)

/0 o sinmg e~ kpsinbicosdgy g (5.94)
cosmpcosd = 5 cos((m — 1)g] + 3 cos[(m + 1)g]

sinmgsing = -;-cos [(m —1)¢] — %cos (m +1)¢]

cosmpsing = —;—sin [(m+1)¢] — %sin [(m —1)¢]

sinmpcos = —;—sin [(m — 1)¢] + %sin [(m +1)g] (5.95)

where Jp, is the mth order Bessel function. Using the identities given in (5.94) and (5.95) the
complete set of Fourier components for the incident plane wave can be written in closed form

as,

€ou = PEncost; g~ tkz cosby ity Jy(kpsin6;)
ezw — Ejcos6; o~ ikz cosb; [ei(m+1)3T"Jm+1(kpSin 9;)
tellm=1)% m_l(kpsinB,-)}
eﬁyv = 0
egw — B, eikzcost; [ei(m—l)%" 1 (kpsiné;)
—~e S g1 (kpsind;)] (5.96)
eg,u = Eve_ikzcoso"ei%w J1(kpsin6;)
e;ﬁ;l,u _ Eve—ikzcosei [ei(m—f-l)%’ i1 (kpsiné;)
teim-DF m_l(kpsinH,-)]
egiv =0
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ef,, = —Ejcos6; e 7ot [ei(m“l)%Jm_l(kpsin 6:)
—ei(m‘*’l)%".]mﬂ(kpsin&)] (5.97)
€u = —Epsing; e ke cosbi 7o (kpsin 6;)
€y = —2Epsinb; emikzcosbigim 7 (5 sin 6;)
G, = 0
emo = 0. (5.98)

If the incident field is propagating in the +2 direction (8; = 180°), the incident electric field

will have the form,

— .

E' = &% [-Epi + E,j)

—  oikz [f) (—Ep cos ¢ + B, sing) + ¢ (Ej sin ¢ + E, cos qb)] . (5.99)

For this case, it is clear that only the fields associated with the m = 1 mode are nonzero. In
addition, since the wave is traveling along the 2 direction, the incident electric field does not

have a Z component. Hence, the only nonzero incident field components are

e, = —Epe™

ey = E,et**

e‘f,u = E,e*?

ef, = Epe. (5.100)

Since the incident field only excites the mode, m = 1, the scattered field can be completely

represented by,
B = [vjfu cosd + 1y sinqb] ) (5.101)

In this case, if the paraxial direction is also in the +2 direction, the boundary condition in

136



5.6. RCS PREDICTION

(5.42) can be simplified as,

cos oy, +sinepi, ., = cosaEy
¢¢ =ty = —En
cosarph _y  +sinah_,, = —cosak,
Yooiy = —By. (5.102)

If, however, the paraxial direction is in the —Z direction, the boundary condition in (5.42) would

be,

cos iy, _y, +sinay,_;, = cos aBpe*h
¢ — 2ikz
¢m:1,v = —Ee
p : z — 2ikz
cos a1, +sinay, 1, = —cosaBye
2ik
Vo1y = —E,e¥F (5.103)

As noted in Section 5.2.2, in order to accurately represent the exponential phase variation,
the step size, Az, must become smaller as the angle between the incident wave and paraxial
direction increases with backscattering as the most stressing case, and forward scattering as

the least stressing.

5.6 RCS Prediction

The calculation of the RCS from the scattered field data is very similar to that described in
Chapter 2 for the BOR FD-TD method. Since the PWE method works in the frequency domain,
Huygens’ principle can be directly applied to the fields without the need to Fourier transform
time-domain fields. In order to use Huygens’ principle the electric field Fourier components

must be recovered from the envelope functions by adding back the phase components.

oy = P, €5 (5.104)
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In addition, Huygens’ principle requires the knowledge of the magnetic, H fields, which can be

obtained from the curl of the electric field.

F=1vxE (5.105)
Wit

As with the electric field, the magnetic field is decomposed into a Fourier series in ¢.

N
A=Y (Em,u oS M + . Sin m¢>) (5.106)

m=0

Substituting (5.106) into (5.105) yields,

By = ﬁ:—%efn,u—%e;ﬁ,v] (5.107)
Mha = o |55 5l (5.108)
B = i [ et 55 (eh) (5.109)
Mo = ﬁ% - az mu] (5.110)
hey = ﬁ;% ] (5.111)
By = ﬁ- +;5;(p )]. (5.112)

The first three equations, (5.107)-(5.109), describe the relationship between the electric and
magnetic fields excited by a horizontally polarized incident field, whereas the second three equa-
tions, (5.110)—(5.112), describe the relationship for the fields excited by a vertically polarized
incident field.

Instead of computing the magnetic fields directly from the electric fields, it is desirable
to compute them in terms of the envelope functions, in order to avoid the need to estimate
derivatives of exponential functions. Using (5.104), equations (5.107)—(5.109) can be written

as,

eﬂ:ikz

m ., 0 ,
hpw = o [—gzﬁm,u—é;zb%,v?zk%,v] (5.113)
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eﬂ:ikz 8 9

Mo = o |Gt £ = 5ot (5.114)
eiikz m 19

hmo = —Phut = ()] - 11

Similar equations exist for the second set of equations, (5.110)-(5.112). Discretizing (5.113)-

(5.115) using the same notation as before yields,

tiknAz | v —®

hp _ e _ m ., _ n4ll n—1,0 ik @ 11
n,l Wi lApd)"’l 2Az F R (5-116)
4 etikndz Tph ) — b mitl ~ Yri-1

hnl _ : , ; :i:ik’l,bzl _ , J (5.117)

y WL | 2Az ’ 2Ap

. tiknds Mo I+ 1)1/)2,,_1_1 U 1)1/’:2,1_1 (5.118)
nl = iwp | 1Ap ™ 2[Az ' '

Note that, in order to accurately calculate the magnetic fields, central difference approximations
were used in the above discretizations. Since the magnetic fields depend on the surrounding
electric field components, the electric fields must be stored on three adjacent surfaces even
though only the fields from the middle surface will be used in the RCS calculation. Once
the magnetic fields have been calculated, the RCS can be calculated by applying the far-field

formulation described in Appendix A.

5.7 Results

In order to test the BOR PWE algorithm developed in the proceeding sections, the method
was implemented for both forward and back scattering along the axis of symmetry. While the
paraxial direction of the current implementation is limited to be in the £2Z directions, the angle
of incidence is not restricted. In the following sections, the bistatic RCS of various targets is
compared with BOR MoM predictions to determine the accuracy limitations of the method. In
addition, the results are compared with Geometrical Optics (GO) and the Physical Theory of
Diffraction (PTD) predictions to determine the accuracy advantage of the BOR PWE method.
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5.7.1 Bistatic RCS of Small Cylinder

The first case considered is that of the cylinder, shown in Figure 5-3, which is illuminated by an
incident wave traveling in the +Z direction. In this case, the paraxial direction is chosen to be

in the # direction so that forward scattering bistatic RCS results are obtained. In addition to
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Figure 5-3: Geometry for Cylinder

testing the BOR PWE algorithm, this example serves to test the BOR PWE PML absorbing
boundary condition. In contrast to time domain methods, where time gating can be used to
test the effectiveness of an absorbing boundary condition, an ABC used in a frequency domain
method, such as the BOR PWE method, can only be tested by comparing final results, such
as RCS, with and without the ABC. Figure 5-4 compares BOR PWE predictions for three
different boundary conditions with BOR MoM predictions. The first two BOR PWE curves
shown indicate the results obtained by using a perfectly conducting boundary condition at 10
and 50 cells above the target. As expected, as the distance between the target and the edge of
the computational domain is increased, the accuracy of the results increases as well. In contrast,
the last BOR PWE curve was obtained by using a PML absorbing condition 5 cells thick that
begins 5 cells above the target. As evidenced in the plot, higher accuracy is obtained with the
PML in place, which validates the PML formulation developed for the BOR PWE method.

In the previous case, the paraxial direction was chosen to be in the same direction as the
incident wave. However, often times, the quantity of interest is backscatter RCS. Figure 5-
5 shows the bistatic HH RCS for the same cylinder considered above for bistatic angles near
backscatter. As discussed previously, the step size, Az, must be reduced to accurately represent
the phase at the boundary condition. As shown in the plot, the results obtained with Az = A/30
improves over the results obtained with Az = A/15, however, smaller range step sizes did not

improve the results obtained. This implies, as expected, that the BOR PWE method is limited
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Figure 5-4: Bistatic RCS at 1 GHz of a cylinder illuminated at normal incidence obtained with
paraxial direction in +2 direction. Shown is the HH polarization for a cut in 6 with ¢ = 0°.
Results obtained without using PML with 10 and 50 cell spacings are compared to the result
obtained by using 5 cells of PML with a 5 cell spacing.
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in capturing the effects of two way scattering phenomena that is present in a cylinder of this
size. In the next section, the size of the cylinder is increased to determine the improvement, if

any, of the BOR PWE method’s predictions.
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Figure 5-5: Bistatic RCS at 1 GHz of a cylinder illuminated at normal incidence obtained with
paraxial direction in —Z direction. Shown is the HH polarization for a cut in § with ¢ = 0°.
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5.7.2 Bistatic RCS of Large Cylinder

In this section, the BOR PWE method is used to model the cylinder shown in Figure 5-6, which

at 1 GHz has a length of 10 wavelengths and a radius of 2 wavelengths. Due to increased area of
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Figure 5-6: Geometry for larger Cylinder

the end-cap, it is expected that the BOR PWE method’s predictions of forward and backward
scattering will improve. As before, the first case considered is normal incidence at the endcap.
Due to the size of the cylinder and the angle of incidence the scattering will be dominated by
the reflection and shadowing effects of the endcaps. With the paraxial direction set in the +2
direction the results shown in Figure 5-7 are obtained. As evidenced by the plot, the BOR
PWE method’s predictions, within the paraxial region, are in good agreement with the BOR
MoM predictions. Because the scattering is dominated by the effects of the endcaps, it was
possible to use a large range step size of A/2, although the step size in p was kept at A/15. Also
shown in the plot is the bistatic RCS calculations computed by the GO/PTD method, which
over estimates the forward scattering cross sections. In additional there is a small discontinuity
for the bistatic angle @ = 180°. The errors in the GO/PTD calculations are most likely due
to the fact that the high frequency technique has difficultly precisely modeling the shadowing
effects.

While the previous examples calculated the bistatic RCS for the HH polarizations, it is also
useful to compare the results for the VV polarization. As before, the cylinder is illuminated
normal to its endcap and the paraxial direction is set in the 42 direction. As shown in Figure 5-
8, the BOR PWE method’s predictions for aspect angles within the paraxial region are in good

agreement with the BOR MoM predictions. As before, the predictions are also compared
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Figure 5-7: Bistatic RCS at 1 GHz of larger cylinder illuminated at normal incidence obtained
with paraxial direction in +2 direction. Shown is the HH polarization for a cut in 8 with ¢ = 0°.
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with the results predicted by the GO/PTD method. Similar to the HH polarization case,
the GO/PTD method over predicts the forward scattering RCS and exhibits a discontinuity.
Still, while the BOR PWE method’s forward scattering predictions are more accurate than
the GO/PTD method, it remains to be shown that the BOR PWE can accurately predict the

bistatic RCS for angles near backscatter.
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Figure 5-8: Bistatic RCS at 1 GHz of larger cylinder illuminated at normal incidence obtained
with paraxial direction in +2 direction. Shown is the VV polarization for a cut in # with ¢ = 0°.

Shown in the Figure 5-9 is the bistatic RCS, for normal incident at the endcap, calculated by
using the BOR PWE method with the paraxial direction set in the —2. Since the dominating
scattering phenomena is the specular reflection off the endcap, the range step size does not
need to be decreased. Within the paraxial region, the predictions from the BOR PWE method
compare well with the exact predictions of the BOR MoM method. While the GO/PTD method

was not able to accurately predict the forward scattering results, it produced accurate results
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for bistatic angles near backscattering. This is due to the fact that the GO technique is most

accurate in modeling specular reflections, which in this case dominates the total return.
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Figure 5-9: Bistatic RCS at 1 GHz of larger cylinder illuminated at normal incidence obtained
with paraxial direction in —2 direction. Shown is the HH polarization for a cut in 8 with ¢ = 0°.

While the BOR PWE formulation presented in this chapter is limited to setting the paraxial
direction in the +2 direction, the direction of the incident wave is not restricted. In the following,
the incident direction is chosen to be 45° off axis, as shown in Figure 5-10. The bistatic RCS of
the cylinder for this incident direction was computed with the BOR PWE method, and results
compared to BOR MoM and GO/PTD predictions. Figure 5-11 shows the results obtained
by setting the paraxial direction in the +Z direction. Although the paraxial approximation
is generally limited to a +15° region, in this case, it is clear that the paraxial approximation
remained valid for a wider range of angles. The BOR PWE method captured the specular

reflection at 6; = 90°, shadowing effects at #; = 180°, as well as several other angles.
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Figure 5-10: Geometry for cylinder, 6; = 45°.
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Figure 5-11: Bistatic RCS at 1 GHz of cylinder geometry illuminated at 8; = 45° obtained with
paraxial direction in +Z direction. Shown is the HH polarization for a cut in 8 with ¢ = 0°.
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5.7.3 Bistatic RCS of the Sphere-Cylinder and Biconical Targets

While the BOR PWE method was able to predict the bistatic RCS of a cylinder for angles
near forward scattering and backscattering for a large cylinder, the limitations in terms of its
modeling capability are still unclear. In the modeling of the cylinder, the dominating wave
phenomena was the specular reflection, which the PWE was able to capture. However, in the
modeling of more realistic targets other phenomena such as traveling waves or creeping waves
exist that can contribute significantly to the RCS of the target. In this section, the sphere-
cylinder and biconical targets, shown in Figure 5-12 and Figure 5-15, are modeled to better
understand the capabilities and limitations of the BOR PWE method.

The first target modeled is the sphere-cylinder geometry, which is shown in Figure 5-12. Due
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Figure 5-12: Sphere-Cylinder Geometry

to the large cross section area of the target, the bistatic RCS for angles near forward scattering
will be similar to RCS of a cylinder. For this reason, it is expected that the BOR PWE method
will be able to accurately predict bistatic RCS for angles near forward scattering. As evidenced
in Figure 5-13, the BOR PWE predictions compare well with those of the BOR MoM method.
In this case, most likely due to the smooth surface of the target, the GO/PTD method also
produced accurate results without the discontinuity that was present in the previous examples.

While it is clear that the BOR PWE method can accurately predict the bistatic RCS for
angles near forward scattering, the RCS prediction for bistatic angles near backscatter will be
more stressing for the BOR PWE method since many types of wave phenomena will contribute
to the overall RCS. Figure 5-14 shows the bistatic RCS predictions, for angles near backscatter,
obtained with the BOR MoM and BOR PWE methods as well as the results from the GO/PTD
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method. The two BOR PWE results were obtained by setting the paraxial direction in the
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Figure 5-14: Bistatic RCS at 1 GHz of sphere-cylinder geometry illuminated at normal incidence
obtained with paraxial direction in —2 direction. Shown is the HH polarization for a cut in
with ¢ = 0°.

—2 direction using range step sizes of A\/240 and A/300. While step sizes this small are not
required to represent the phase variation in the boundary condition, it was found that they were
necessary to accurately model the curved surface of the target. Within the paraxial region, the
BOR PWE and GO/PTD predictions are both within 1 dBsm of the BOR MoM predictions
although the general shape of the curves do not match well with the BOR MoM curve, which
indicates that neither method captured all of the wave phenomena present.

In the next example, the biconical object shown in Figure 5-15, is modeled using the PWE
method. Since the PWE method can accurately represent the curvature of this surface, the

potential for errors due to discretization will be reduced. Also, due to the target’s size, which at
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Figure 5-15: Biconical Object Geometry

1 GHz is 2 wavelengths in length and has a maximum diameter of 1 wavelength, it is expected
that the GO/PTD results will not be very accurate. As before, the BOR PWE method was
run with the paraxial direction set in the +Z directions.

Figure 5-16 shows the bistatic RCS for the biconical object for a wave incident normal to the
nosecone. As evidenced in the plot, the results obtained using the BOR PWE method within
the paraxial region match the BOR MoM predictions quite well compared to the GO/PTD
predictions.

In order to compute the bistatic RCS for angles near backscatter, the paraxial direction
was chosen to be in the —Z direction. As shown in Figure 5-17, the BOR PWE method was
run with range step sizes of A\/45 and A/60. For both range step choices, the predictions made
by the BOR PWE method were relatively accurate compared to GO/PTD results with more
accuracy being obtained with a smaller step size. Despite the 3 dBsm error for the backscatter

RCS, the general shape of the BOR PWE curve matches the BOR MoM predictions quite well.

In contrast to the BOR PWE predictions, the GO/PTD backscatter error is larger than 10
dBsm, and the curve’s shape does not match the general shape of the BOR MoM predictions.
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Figure 5-16: Bistatic RCS at 1 GHz of biconical target illuminated at normal incidence obtained
with paraxial direction in +2 direction. Shown is the HH polarization for a cut in 8 with ¢ = 0°.
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Figure 5-17: Bistatic RCS at 1 GHz of biconical target illuminated at normal incidence obtained
with paraxial direction in —Z direction. Shown is the HH polarization for a cut in 8 with ¢ = 0°.
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5.8 Summary

In this chapter, the body of revolution parabolic wave equation method was described and
applied to RCS prediction. The time-harmonic vector wave equation was rewritten in terms
of slowing varying envelope functions, and the paraxial approximation was used to develop a
system of parabolic partial differential equations. These equations were discretized using first
and second order accurate difference approximations enabling the development of an efficient
marching in space algorithm, which is order L in its computer memory requirement. Perfect
electric conductors were modeled by forcing the total tangential electric fields along the surface
of the target to be zero. Plane wave sources were modeled through the use of the boundary
conditions along the surface of the target so that the paraxial and incident wave directions could
be specified independently. The computational domain was truncated by the PML absorbing
boundary condition formulated for the BOR PWE method through the use of the complex
stretched coordinates viewpoint.

The method was applied to the RCS prediction of several body of revolution targets. The
results obtained were compared for validation with BOR MoM predictions, and were compared
with GO/PTD predictions to determine the accuracy advantage of the PWE method over high-
frequency techniques. In general, the accuracy level of the BOR PWE’s predictions for bistatic
angles near forward scattering exceeded that of the GO/PTD results. For electrically large
targets, the BOR PWE and GO/PTD bistatic RCS predictions were found to perform equally
well in the bistatic RCS prediction for angles near backscatter. However, in the case of the
biconical target, which is on the order of a wavelength in size, the predictions of BOR PWE
were found to be much more accurate than the GO/PTD results indicating the ability of the
PWE method to predict near resonant size objects that the GO/PTD method cannot.
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Chapter 6

Conclusion

A number of radar cross section prediction techniques have been developed which exploit body
of revolution (BOR) symmetry, however the use of finite-difference techniques with these ge-
ometries has not been throughly explored. This thesis has investigated several finite-difference
approaches which vary both in the approximations they introduce as well as the computational
resources they require. These techniques included a body of revolution (BOR) finite-difference
time-domain (FD-TD) method with both staircase and conformal grids, a hybrid FD-TD geo-
metrical optics method, and a body of revolution parabolic wave equation method. In addition,
the use of the monostatic-bistatic equivalence principle was explored in approximating monos-

tatic RCS at multiple angles from a single FD-TD simulation.

In evaluating the performance of any RCS prediction technique, the issues of accuracy
and computational cost must be addressed. While an accurate technique is desirable, it must
also be practical for the technique to be applied to the target of interest. The feasibility of
a method for modeling a particular geometry relates to the associated computational costs
of computer time and memory. For electrically small targets, exact techniques such as the
Method of Moments and the FD-TD method can be used to exactly model the target. For the
modeling of body of revolution targets, the BOR MoM and BOR FD-TD algorithms can be
used to reduce the associated computational costs. In order to understand the limitations of
these techniques, it is necessary to understand how the techniques scale in terms of computer
time and computer memory as the electrical size of the target increases. Table 6.1 summarizes
the computational requirements of several RCS prediction techniques including the three finite

difference techniques explored in this thesis.
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The methods listed in the first column of the table are Geometrical Optics (GO) and
the Physical Theory of Diffraction (PTD). These techniques determine the RCS of the tar-
get through the methods of ray tracing and edge diffraction. However, they can only be applied
to electrically large and simple targets such as a large cylinder. They do not accurately model
the effect of small protrusions nor do they model traveling or creeping waves. Still, they have
the smallest computational requirements that do not scale with the electrical size of the target.

On the other hand, the next three methods listed are exact techniques that numerically
solve Maxwell’s equations. Since the 3D MoM method solves for the currents induced on the
surface of the target, the number of unknowns scales as L? where L represents the maximum
dimension of the target. In implementing the MoM method, an L? x L? linear system is formed
that results in a memory requirement of order L* and a computational time of order L®. Due
to the large scaling factors of the method, in practice, only electrically small targets can be
modeled with this method.

If, however, the target exhibits body of revolution symmetry, the amount of computation
can be reduced. Two approaches that exploit BOR symmetry are the frequency domain Method
of Moments (MoM) BOR algorithms, and the Finite-Difference Time-Domain (FD-TD) BOR
implementations. As shown in Table 6.1, the computational requirements for both methods are
very similar. In cases where the signature is desired over an extended bandwidth, FD-TD BOR
techniques have the advantage of calculating the entire frequency extent simultaneously.

In the first part of this thesis, the BOR FD-TD algorithm was successfully implemented
and used for RCS prediction of both canonical and realistic targets. Initially, targets were
modeled using a staircase representation, and the results obtained were compared with BOR
MoM and exact results for validation. Due to numerical dispersion, it was necessary to use a
discretization on the order of A\/40 to model waves incident along the axis. For waves incident
off-axis, a discretization on the order of A/10-A/20 was found to be sufficient.

To address the issue of accuracy, a conformal approach to the BOR FD-TD method was
developed. It was shown, in the case of the sphere, that a staircase model can lead to errors in
RCS predictions due the difficulty of correctly predicting phenomena as traveling and creeping
waves. The conformal approach was able to capture these effects by accurately modeling the
surface of the target. In the case of the sphere, the conformal BOR FD-TD approach was able
to accurately model the creeping wave. In the case of the biconical target, it was shown that

the conformal approach was able to model the scattering from the nosecone more accurately
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FAS |

GO/PTD 3D MoM BOR MoM | BOR FDTD | 2D FDTD/GO | BOR PWE
Rav tracin Exact Exact Exact Specular point Solve reduced
Method y tracing, (Solve Integral | (Solve integral | (Solve PDES) | reflection + scalar wave
edge diffraction. .
Eqns) Eqns) exact equations
Number of L2 L-L L-L2 L2 L-L2
unknowns
Mempry L4 L2 L2 L2 L
requirement
Computer L6 L-L3 L-L3 L3 L-L2
~0mp Matrix Matrix Time Time Range
time - o ; . .
decomposition| decomposition| stepping stepping stepping
Disadvantages/| High freq only. Low freq. only Low freq. only | Low freq. only | High freq. Single freq.
limitations Neglects many
phenomena. Single freq. Single freq. Single incident | Only accurate Only accurate
Small protrusions angle. for certain for small range]
ignored. aspect angles of angles.
Advantages Easiest Exact Exact Exact Fast computation.| Very memory
computationally Includes many efficient
Memory Memory phenomena.
efficient efficient

Table 6.1: Summary of RCS Prediction Techniques
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CHAPTER 6. CONCLUSION

than the staircase approach.

However, one disadvantage of the FD-TD method is that the FD-TD simulation must be
repeated for each incident angle of interest, and as the target size becomes large, and wideband
signatures required at many incident directions, additional reductions in computation are de-
sirable. To reduce the computational burden associated with calculating monostatic signatures
with the FD-TD method, two approaches were used.

The first approach reduced the overall computational burden by reducing the number of
angles at which calculations must be performed. A single FD-TD BOR simulation was used
to calculate the monostatic signature for one incident angle, as well as bistatic signatures for
adjacent observation directions. The bistatic equivalence theorem was then used to approxi-
mate monostatic signatures for other angles near the incident direction of the actual FD-TD
BOR simulation. The principle was applied to the monostatic RCS prediction of a simple
cylinder and a biconical shaped object. In the modeling of the biconical target it was shown
that the PO/PTD method’s predictions were only accurate at aspect angles incident on the
target’s broadside and backend, while the estimates obtained by the BOR FD-TD and monos-
tatic/bistatic equivalence method were relatively accurate for all aspect angles.

Thus, if wideband monostatic signatures over several aspect angles are desired, the monostatic-
bistatic equivalence can be used with the BOR FD-TD method to estimate these signatures.
However, for narrowband signatures, the BOR MoM technique has the advantage of being able
to exactly calculate the monostatic signature over several aspect angles in one simulation.

In contrast, the second approach reduces computational requirements for BOR objects of
large electrical radius by using a hybrid FD-TD and Geometrical Optics formulation. Individual
scattering centers such as surface gaps, protrusions, or slope discontinuities are identified, and
integral expressions derived for the scattering of each. These expressions are evaluated by the
method of stationary phase, in which the contribution is assumed to arise from a stationary
phase point in the plane of incidence. A two-dimensional scattering problem is created by a
local tangent plane approximation through the stationary phase point, and this is solved via a
two-dimensional FD-TD approach.

The specific case studied was the backscattering from a large cylinder with a small ring.
For a large cylinder, the hybrid method was able to accurately predict the backscatter RCS
for a large range of angles. In addition, the method was shown to have an accuracy advantage

over the PO/PTD method which does not correctly model the small protrusion. Moreover, the
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method is computational efficient compared to exact BOR MoM and BOR FD-TD methods,
which would otherwise be required to accurately mode this mixed size. As shown in Table 6.1,
the computer memory requirement scales at the same rate of the BOR methods, however,
because only the small protrusion is being modeled, the computational requirements are much

smaller than those of the full BOR methods.

Although the hybrid method is capable of accurately modeling large targets with small
protrusions, it is limited to a specific type of geometry. To remove this limitation, a body of
revolution (BOR) parabolic wave equation (PWE) method was developed. The time-harmonic
vector wave equation was rewritten in terms of slowing varying envelope functions. As with the
BOR FD-TD method, axial symmetry was exploited by expressing the azimuthal dependence
of the fields in a Fourier series. The paraxial approximation was then used to develop a system
of parabolic partial differential equations that were solved using a memory efficient marching
in space approach.

The method was applied to the RCS prediction of several body of revolution targets. The
results obtained were compared for validation with BOR MoM predictions, and were compared
with GO/PTD predictions to determine the accuracy advantage of the PWE method over
high-frequency techniques. In general the forward scattering predictions made by the BOR
PWE method were more accurate than GO/PTD predictions. However, in most cases, the
BOR PWE and GO/PTD performed equally well in the prediction of the bistatic RCS for
angles near backscatter. Still, in the case of the biconical target, which is on the order of a
wavelength in size, the predictions of BOR PWE were found to be much more accurate than
the GO/PTD results indicating the ability of the PWE method to model smaller targets for
which the GO/PTD approximations are not valid.

Because the BOR PWE formulation reduces the scattering problem to a sequence of two-
dimensional problems, which are solved using the marching in space approach, the computer
memory requirement grows as order L. In addition, as shown, the BOR PWE has the advantage
over high-frequency techniques being able to correctly model resonant size object scattering.
Still, due to the one-way nature of the technique, the PWE method does not perform well
in the modeling of non-convex objects and cavities where multiple scattering interactions can
occur. Another difficulty involves the modeling of objects small compared to a wavelength
where creeping waves can travel all the way around the object. Creeping waves that travel

around the object more than once can not be captured with the PWE method due to the
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one-way nature of the technique.

Much work remains to be done in the use of finite difference method for modeling body of
revolution targets. As mentioned in Chapter 2, the BOR FD-TD suffers from large numerical
dispersion errors along the axis of symmetry. Future work may include the development of a
technique to reduce the numerical dispersion by analytically accounting for the numerical phase
velocity of waves traveling in the BOR FD-TD lattice. In addition, in order to model other
body of revolution targets such as radomes, a BOR FD-TD method for modeling targets with
dielectric surfaces could be implemented. Furthermore, in many cases, objects such as missiles,
exhibit body of revolution structure except for localized 3D features such as fins. The BOR
FD-TD technique could be combined with a general 3D FD-TD code to model the interaction
between the BOR portion of the object and the non-BOR portion of the object.

As discussed in Chapter 4, the hybrid method can also be applied to large targets other than
cylinders. Here, much work can be done to explore the range of validity of the hybrid method
for modeling small BOR protrusions on other large BOR targets such as a cone. Moreover,
work could be done to explore the use of combining high frequency techniques with general
three dimensional exact techniques for modeling small 3D structures that exist on large bodies.

Finally, while the results obtained using the BOR PWE method are encouraging, much work
remains to further develop the BOR PWE technique. For example, BOR PWE formulations for
paraxial directions off-axis can be developed to extend its range of accuracy. Additionally, work
can be done to explore the use of variable range step sizes to reduce the amount of computation.
Also, as mentioned previously, the condition number of the resulting matrix equations are often
very large for targets with large number of boundary conditions to enforce at one range step.
Further work here could include the development of methods for reducing the condition number
and exploring the use of other iterative techniques for solving the resulting matrix equations.
Finally, due to the one-way nature of the technique, a method that uses a back and forth
algorithm could be developed to improve the method’s accuracy.

In general, each of techniques presented in thesis has been tested for several examples in
addition to the ones presented here. However, further testing of each of the methods is required

to better understand their capabilities and limitations.
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Appendix A

Calculation of Far-Field Scattered
Fields for BOR Geometries

A.1 General 3D Formulation

The scattered fields in the far-field region can be determined from the electric and magnetic

fields on a surface S’ by the following equations.

E(

=3

) = / / s {iwpeG(r7) - [a x B + V x G 7) - [ax B} (A1)
/ /S 45" {—iwesG(F, ™) [ x B(F)] + V x G, 7) - [ax B} (A2

=3
Il

H(r)

7 = &sinfcos¢+ §sinfsing + Zcos b (A.3)
6 = Zcos@cos+ fjcosfsing — ssind (A.4)
QAS = {cos¢—Tsing (A.5)
= ’ = 1 eile-Fll
G(F,7) = [I + ﬁvv] prr— (A.6)
In the far field, ¢kr 3> 1, V can be approximated as zk7,
zk[r 7|
— / s T
= //S ds {“"“04 F— 7 r ] [ }
zk[r [l I ,
ikt o [T 57] - [o < e )]} (A7)
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In addition, under the far-field approximation,

E(F) = c / dS'e"ikf'F'{iwug
SI

4nr [
vik[36 - 6] - [a x B

A.2 BOR Formulation

Split the integration over the cylinder into three regions as,

./s'dSI /dz/zrpodqi)%-/ dp/zwpd¢+/ dp/ pqu

z’:zl 2l=2zq
Substituting in cylindrical coordinate form of the electric and magnetic fields,

ikr

E(F) = ¢ / dz/ podg’e (pop'+2'2)

4drr
{W [99 ngg] [ ( H,(7)p' +H¢(a)$+Hz(;f)g,>]
ik [0 03] - [#x (Ep()i' + Em)d + B:()7')]}

d —ik#-(r'§' +222)
471'7' / / pdd'e

(A.8)

(A.9)

(A.10)

{iwn [06+ 9] - [2' x (Hole ¢, 2208 + Hy(p', ¢/, 22)8 + Halp', ¢, 22)2') |

ik [$6 — 69] - [2' x (Bp(o, ¢, 220 + Bylp, ¢, 22)8 + Balp ¢, 2)7') |}

e“" Po 27 crom (ol AT Py
d // 'de' —ikF(r' ' +21%)
4m,f0 A pe

{iwn [00+39] - [ < (H (0" ¢, 200 + H(p', ¢, 20) + Ho(p), o, 20)7')]
ik [q?;é — éq”s] : [2' x (E,,(p', ¢, 2)0 + By(p, ¢, 21)¢ + Ex (0, &, zl)é’)] } (A.11)

where

al Jt

o= ax' gy +3 =pp +7z
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P = Zcosd' + fsing (A.13)

o=z (A.14)
Expanding and simplifying,

E@®,¢) = ik

tkr 2
€ /22 dz,/ i podqﬁ'e_ikpo sin0cos(¢’—¢)eaikz cos @
drr J 4 0

{9 [—sin® nHy(po, ¢',2') + cosOsin(¢' — @) nH.(po, ¢', 2")
+cos(¢' — ¢)E.(po, ¢',2')]
—}—g& [— COS((b, - ¢) TIHz(PO; ¢I7 Z/) — sin 9E¢(p0, ¢I: ZI)]

+ cos @ sin(¢’ — @) E.(po, ¢',2")]}

ezkr

+ ik

po 2m 1 g1 —tikp' sin @ cos{¢’ —@) ,—ikza cos @
d / dd! e~ ik’ sin —¢) o —ikza
Tor /0 PP Pe

{0[—cosbsin(¢' — ¢') nH, (0, ¢, 22) — cosBcos(¢' — ¢) nHy(,¢',22)
—cos(¢' — Q) E,(p', ¢', 22) + sin(¢' — $)Ey(p', ¢', 22)]

+ [~ cos(¢' — ¢) nH,(p, ¢/, 22) — sin(¢' — ¢) nHy(o', ¢, 22)
— cos Bsin(¢' — @) E,(¢, ¢/, z2) — cos B cos(¢' — §) B, ¢, 22)]}

ezkr

— ik

= /0”0 dp /02" o/l e—ike sinBcos(9!—6) —ikz cos
{[= cosOsin(¢' — ¢') nH,(s', &', 21) — cos B cos(¢ — §) nHy(p', ', 21)
—cos(¢' — @) Ep(p', ¢, 21) +sin(¢' — ) Ey(p', ¢, 21)]
+ [ cos(¢' — ¢) nH, (o, ¢',21) —sin(¢' — @) nHy(p', ¢, 21)
—cosOsin(@' — @) E,(d, &', 21) — coscos(¢) — ) E4(p ¢, 21)]} (A.15)

Expressing the electric and magnetic fields as a Fourier series,
M
A(pl> ¢I7 Z,) = E Am,u(pla Z/) cos(m¢') + Am,v(p,, ZI) Sin(md)l) (Alﬁ)
m=0
where A stands for the electric and magnetic field components. Next rewrite it as,
M
A(p,a ¢,a ZI) = Z Am,u(pl7 z,) cos [m(¢, - ¢) + m¢] +

m=0
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+ D Apa(p, 2 sin[m(¢ — ¢) +m¢] (A.17)
m=0
and define,
Anu(p,2) = Amu(p' 2 ) cosme + Apmo(p, 2') sinme (A.18)
A0 2) = Amu(p,2")cosmp — Apu(p', 7)) sinme (A.19)
so that,
M
A(p', ¢, 2") = D A (0, 2') cos [m(¢ — ¢)] + Ay, , (0, 2) sin [m(¢' — ¢)] . (A.20)
=0

Next, (A.15) is rewritten using (A.20) with the following change of variables,
Phew = Bola — ¢ (A.21)

Because the integrand is periodic, the limits of integration can remain unchanged, and (A.15)

becomes,

M

z2 2w ) . ;L
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~cos¢'E,  (p',22) +sin ¢'Ey,. (02 )]

+ sinmg¢’ [—— cosOsing’ nHy,, ,(p',22) ~ cos@cos @' nHy (o', 22)
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The ¢ integrals are then analytically evaluated using Bessel function relations yielding,
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G K‘ cos@ nHy (', 22) —E, (¢, 22)) F3(p)
+ (_ cos WH’m,U (p', 22) + E;bm,v (o, zz)) F5(p')]
+ ¢ [("H'm,u(/?'>zz) — cos OEfpm,u(p',@)) F3(p)

+ (~77H(;m’v(p',z2) —cosbE,, (¢, 22)) F5(p')]}

zkr

d [ / —zkzlcose
27rr / PP

{9 [(— cos nHy (p',21) = E, (¥, 21)) F3(p')
+ (— cosf nH, (p',=1)+ Ey_ (¢, zl)) F5(p')]

+ ¢ [(nH},, . (0, 21) = cos 6B, (0, 21)) F3(p')

+ (=nH, (o 21) = cos0B,,, . (¢, 1)) Fa()] } (A.23)
where
Fp) = 27reim§2£Jm(kpsin9) (A.24)
Fs5(p) = 27rei(m+1)%Jm+1(kpsin9)+Meim%.fm(kpsine) (A.25)
kpsinf
Fy(p) = —MM im¥ 5 (kpsin) (A.26)
s\ kpsin6 pemz). '

166



Appendix B

Calculation of Far-Field Scattered
Fields for 2D Geometries

B.1 General Two-Dimensional Formulation

For two-dimensional Huygens’ surfaces which extend to infinity in the § direction, equation

(A.7) can be simplified using the following identity.

1 oo ,eik‘F—7'|

— = HV(klp—7 B.1
it o 'F—T’l| 0 ( Ip pl) ( )
P = Ex+3iz=pp (B.2)
p = 2x'+ 3 =pp (B.3)
p = Zcosa+isina (B.4)
& = —-Zsina+IEcosa (B.5)

E(@) = fc dC! {iwpo (a6 + 93] - [a x H(P)] + ik [-ga + ag) - [ x B(@)]}
SHO (k7)) (B.6)
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Under the far-field approximation,
p—P|l=p—p P =p—2cosa—2z'sina (B.7)

the asymptotic form of the Hankel function can be used.

H(gl)('-p— |) _ (ipe p—z' cosa—za' sina—m/4) (B.8)
—zk (z'sina+z' cosa) fa A PSR ' 7 (!
\/_28ﬂpj{, {[ & + 9] [nan(p)]

[~9a + &3] - [ x E@)] } (B.9)
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B.2 2D TE Formulation

In two dimensional, the nonzero field components for the TE mode are the E,, H;, and H,
fields. If the Huygens’ surface is a box which has a center at the origin, and lower-left hand
and upper-right hand corners at (—zg, —z¢) and (zg, 29), then the far-field electric field can be

computed as follows,

s . k . . zo .
Ela) = §e*?|— {eﬂkzosma d2' [nH,(—,2') — sinaE, (—xzg, 2')] e~ cos
—i8mp —2
1 1:0 . .
+ e—zkzo cosa dz’ {nHiﬂ(wla ZO) + cos ozEy(:v', ZO)] e—zkzl sina
—zo

. . Z0 1ot
+ e—zkmo sin o dz' [— H, .7:0,2, +sinaE :L'o,z’ e—zkz cos
n Y

—2z0

, Zo , .
+ e+zkzocosa/ dz' [_nHw(wl’_ZO) _ COSQEy(:L",—Zo)] e—zkz’slna}

—g

(B.10)

If an infinite ground plane exists at the yz plane, image theory can be used to account
for the presence of the perfectly conducting half space. An equivalent problem is created by
removing the ground plane, and adding in the image fields. Image fields are created such that
the boundary condition, & x E =0 is satisifed. In this case, the electric and magnetic fields of

the equivalent source will be,

E (z,z) = (B.11)
H(z,z) = - (B.12)
—H,(—z,z) z<0

Hi(z,z) = tHiwz) w20 (B.13)
+H,(—z,z) <0

The far-field electric field can the be calculated using equation (B.10) with the electric and
magnetic fields replaced by (B.12)—(B.13).
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B.3 2D TM Formulation

The formulation for the two dimensional TM mode case is very similar. In this case, the nonzero
field components for the TM mode are the Hy, E;, and E, fields. If the Huygens’ surface is
a box which has a center at the origin, and lower-left hand and upper-right hand corners at

(—zo, —20) and (g, 2z9), then the far-field electric field can be computed as follows,

= ; k o 20 I
Ela) = & ezkp‘ / e {e+’kw051na/ dz' [H,(—xq,2") + sina nH,(—zg, z')] e~ cos@
—iomp —zo

. Zo . .
+ e~ thzocosa dz' [Ew(:c', ZO) — cosa nHy(:E,, ZO)] e—zk:v' sin o
g

. . 20 .
+ e~ tkzo sma/ dz' ["Ez(l'mzl) — sina nHy(Z'O,ZI)] e—zkz’ cos a

. zo o
+ etk Cosa/ da' [~ Eq(z', —z0) + cos a nH,(z', —29)] e~*** Sm"‘}

—z0

(B.14)

Similary, if an infinite ground plane exists at the yz plane, image theory can be used to
account for the presence of the perfectly conducting half space. The the electric and magnetic
fields of the equivalent source will be,

+Hy(z,z) x>0

H,(z,z) = (B.15)
+Hy(—z,2z) =<0

+E.{x,z z>0
E.(z,z) = (@2) (B.16)
+FEz(—z,z) <0

+E,(z,z z>0
El(z,z) = 2(%:2) (B.17)
—E.(—z,z) <0

The far-field electric field can the be calculated using equation (B.14) with the electric and
magnetic fields replaced by (B.16)-(B.17).
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The Two-Dimensional FD-TD
Method

The formulation of the 2D FD-TD method is similar to that of the BOR FD-TD formulation,
and will not be carried out in detail here as there are many references such as [50] that con-
tain the formulation. As with the BOR FD-TD technique, the 2D FD-TD numerically solves

Maxwell’s equations, which are presented here in their differential form,

wZE=V xH (C.1)

podH = -V xE. (C.2)

For a two dimensional problem, which is uniform in the § direction, Maxwell’s equations can
be decomposed into two independent sets of scalar equations. The equations for the TM mode

are,

0B, 0H,

o T oz (G:3)
0E,  0H,

5 T on (C4)
0H, 0E, OF,

B¢ = 8z o8z (C.5)

The equations for the TE mode are,

0H,  OE,

% = T8z (C6)
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om, _ o,
M5 = "oz

0E, _ 0H, 0H,
€0 ot 0z oxr

(C.7)

(C.8)

Difference equations can then be obtained by discretizing the time and space derivatives using

central difference approximations. For reference the difference equations for free space [50] as

well as the difference equations for the PML medium [3] are listed in the following sections.

C.1 TM Mode

C.1.1 TM Mode FD-TD Difference Equations

Hz|?—j11//22,j = Hzl?ill/g,j - ;‘AALy (Ez|?+1/2,j+1/2 - EZ|?+1/2,]'—1/2)
y'?ﬁﬁz = Hylz;iﬁz + MAA% (Ezl?+1/2,j+1/2 - EZI?—1/2,]'+1/2)
Bt aisnpe = Bl + ei—tm (Hy‘?fll,ﬁl/z - ywﬁ{%)
- aAA—; (Bl g = Hali o)

C.1.2 TM Mode PML Difference Equations

. — (g /m)At
Hy M2 = emloy/matp n-1/2 Toe 2

i+1/2,5 i+1/2,5 U;Ay
(sz|?+1/2,j+1/2 - Ezml?+1/2,j—1/2

+ Euliiipgiiye — Zy|?+1/2,j—1/2)

— e (oz/m)At
ntl/2  _ (ox/wAtg n-l/2  1—€
Hyfijane = € N H G+ ——r
(Ezz|?+1/2,j+1/2 - Ezm|?—1/2,j+1/2

+  Exyliiyzgi12 — zy}?—1/2,j+1/2)
1— em(ax/e)At

n+1 _ —(oz/e)At n
E,; +1/2,5+1/2 e szii+1/2,j+l/2 + ——‘“—*o_wa X
n+1/2 n+1/2
(Hy|i+1,j+1/2 - Hyli,j+1/2)

Ezy{n+1 - e_(ay/f)At }__ﬂz/_‘f)_it_
oyAy

i+1/2,j4+1/2 x

k(3
Enylii1/ag41/2 —

n+1/2 n+1/2
(H-’v|i+1/2,j+1 - H$Ii+1/2,j)
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(C.14)

(C.15)



APPENDIX C. 2D FD-TD METHOD

C.2 TE Mode

C.2.1 TE Mode FD-TD Difference Equations

Ew|?j11//22,j = Ew]?il//zz,j + ;%% (Hz|?+1/2,j+1/2 - Hzf?+1/2,j_1/2)
yl?ﬁ{iz = Eyl?g—jﬁz - 62_7; (Hz|?+1/2,j+1/2 - HZ|?~1/2,j+1/2)
Hol e = Helhaogige — ;TAA% (Bolisie = Buligilse)
b (B - Bl

C.2.2 TM Mode PML Difference Equations

Eelfifny = e /OB + %ﬂf *
(sz|?+1/2,j+1/2— zelivi/2,j-1/2
+ sz|?+1/2,j+1/2 - sz|?+1/2,j—l/2)
B, = eengy s 1oe 0%
(sz|?+1/2,j+1/2 — Haaliy/2541/2
+ Hylhayeji12 — zy|?~1/2,j+1/2)
lel?j11/2,j+1/2 _ e—(o;/u)AtHzm}?H/”H/z _ 1__%& X
(Bl = Balijinle)
—(o7 /W) At
Hzy ?:11/2,j+1/2 = e‘(f’;/u)Atsz|?+1/2,j+1/2 + I_GT;(,A!/;)_— %
(Bali g = Belihfas)
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Appendix D

Source Code

D.1 BOR FD-TD Program

The BOR FD-TD program calculates monostatic or bistatic radar cross sections of a PEC
body of revolution with arbitrary cross section. Bistatic signatures are calculated exactly,
while monostatic signatures are estimated using the monostatic bistatic equivalence principle.
Both monostatic and bistatic signatures can be calculated over an extended bandwidth. The
user can specify whether the object should be represented using a staircase approximation or a

conformal grid representation.
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The following, bor _fdtd.f, contains the sub-

routines for reading in the input parameters
from the user, as well as the core FD-TD equa-
tions used for time stepping.

AERERREEAEREEERRRER AR RR BB RS RR &

* BOR-FDTD CODE: *
*+ This programs calculates the scattering pattern of a *

» incident plane wave on a body of revolution. The user *
. may input the two dimensional shape of the BOR »
* *

10

LTI T P T T Y
program bor_fdtd
implicit none

include
integer menu_choice

!common. £’

dbase = ’data’
write(8,*)

write(6,*) ’BOR
write(6,*) ’1 =

FDTD Opticns’
FDTD,WRITE FREQ,RCS’

write(8,*) ’2 = FDTD,RCS’
write(6,#) ’3 = READ FREQ,RCS’
write(6,*) ’'4 = FDTD’

write(8, '(’’*Enter option: '’, §)’)
read(5,*) menu_choice

if (menu_choice.lt.I.DR.menu_choice.gt‘4) goto 10

if (menu_choice.eq.1) then
call gat_rcs_out_ranges{.FALSE.)
call get_primary_input
call init_fields
call init_freq
call fdtd_loop(.TRUE.)
call write_phasors
call calec_rcs
else if (menu_choice.eq.2) then
call get_rcs_out_ranges(.FALSE.)
call get _primary_input
call init_fields
call init_freq
call fdtd_loop(.TRUE.)
call calc_rcs
else if (menu_choice.eq.3) then
call read_phasors
call get_rcs_out_ranges(.TRUE.)
call calc_rcs
else if (menu_choice.eq.4) then
calc_bist = .TRUE.
call get_primary_input
call init_fields
call fdtd_loop(.FALSE.)
end if

end

¢ GET_PRIMARY_INPUT gets info from user about geomfile nams, incident
<

wave, duration of simulation, out file names, stc

[

SUBROUTINE get_primary_input

implicit none
include ‘common.f’

integer conf_stair, totsteps, movie_test, mode_index, round,
i x1,x2,y1,y2, polarization

real dt_out, width, TIME_TO_DELAY, cost,
real theta_1,theta_2,theta_3,theta_4

sint

get Geometry and data filenamse
write(8,’(?'#Enter geometry file name:
read(5,*) fnamein

L8N

write(8,’(’’+Stors for movie? (1=Y,2=N): °’,$)’)
read(5,*) movie_test
stors_movie = movie_test.eq.1
if (store_movise) then
write(6,’(’'*Movie header name: ’’,$)’)

read(5,*) mhname
write(6,’(’'#Movie file name:
read(5,*) mfneme

write(6,’ (’’*Number of time steps between each frame:
read(5,4) movie_step

write(6,*) ’'Field ids: er=1,ez=2,ephi=3,hr=4,hz=5,hphi=6’
write(6,’ (' ’*Enter id of field to store: '’,$)’)

17,8)7)
’.8)%)

CEEER
cHexe
chuER
CREES
cHnER
ChuEn

40

crur

o

33

32

Cersn
5O

Cusxsxe
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read(6,*) movie num
movie_type = 1
end if

Note: There is alternative staircasing routine which can handle
any typs of geometry, including nonconvex objects. It can also
scale the staircase nodes as needed based on any delta; that
is, given a set of data points it will perform a linear
interpolation to determine all points in between before
staircasing the resulting object. Thisz is option 3.
write(6,’(’'*Enter model (l=staircase, 2=conformal): ’’,$)’)
read(5,*) conf_stair

if (conf_stair.gt.3.0R.conf_stair.lt.1) goto 40
use_conformal = (conf_stair.eq.2)

use_stair2 = (conf_stair.eq.3)

if (use_conformal) then
call geometry
else
if (conf_stair.eq.3) then
write(6,*) ’Warning: Using second staircase method...’
call setup_staircase
else
call geometry
end if
end if
call setup_scat

Calculate sigma_max so that reflections are 40 dB down
sigma _max = 70+3/eta/40./0.434294481903/ (PMLDEPTH*dz)
write(6,*) ’sigma_max = ’,sigma_max

write(6,*) ’Enter sigma max’

read{(5,*) sigma_max

if (calc_bist) then

write(§,’ (’’#Enter incident angle theta in degrees: ’’,§)?)
read(5,*) inc_ang

end if

write(6,'('’*Selact polarization (1=HORZ,2=VERT): ’’,$)*)

read(5,*) polarization
if (polarization.eq.1) then

Ehg = 1.0
Evg = 0.0
else if (polarization.eq.2) then
Ehg = 0.0
Evg = 1.0
else
goto 33
end if

write(§,’(’’#Enter duration of simulation (na): ’’,$)°)
read(5,*) sim_duration
if (sim_duration.lt.0.5) then
print *,’Simulation must last longer than 0.5 ns.’
goto 32
end if

Modulation of Gaussian Pulse (1-on 0-off)
write(6,’(’ **Modulate incident wave? (1=Y,0=N):
read(5,*) modulate
if (modulate.gt.l.0R.modulate.lt.0) goto 50
if (modulate.eq.1) then
write(6,’(’’*Enter modulation frequency:
read(6,+) modfreq
else
modfreq = -1
end if

1,8)7)

'8

Convert incident angle to radians
inc_ang=(inc_ang/180)*pi

if (abs(inc_ang-pi).lt.tole.0R.abs(inc_ang).lt.tole) then
mode_start = 1
mode_end = 1

else
modes = int(obj_height#2spi*high_freq/c+1}
write(6,*) ’'Estimated modes required: ’,modes
write(6,’ (??*Enter start mode: ’’, $)’)
read(5,*) mode_start
write(6,’(’’*Enter end mode:
read(5,*) mode_end

snd if

7,89

it (abs(Ehg-1).1t.tole) then
egset _start = 2
egset_end = 2

else if (abs(Evg-1).1lt.tole) then
eqset_start = 1
egset_snd =1

else
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Cassas

cHER

10

20

eqset _start = 1
eqset_end = 2

end if

Standard Dev and Wave Delay Calculatijons

if (modulate.eq.0®) then
sdev=5.0*dt_out (1)

else
sdev=(1.0/modfreq/4.0)

end if

width = sdev»sqrt(10.0)

calculate time delay

if (inc_ang.ge.(2#¢pi)) then
inc_ang = inc_ang-2%pi
goto 10

end if

if (inc_ang.1t.0) then
inc_ang = inc_ang+2#pi
goto 20

end if

cost = cos(inc_ang)

sint = sin(inc_ang)

print *, rcszl, rcsz2, nheight
x1 = rcszl

x2 = resz2

yi=1

¥2 = mheight

cwss#s determins the time delay so that wave arrives at the target at

cHERn

80

+ around time step 100-150.

TIME_TO_DELAY = 100#dt_out{(mode_start)
theta_ 1 = atan2(y2¢1.0,(x2-x1)*1.0)
theta_2 = atan2(y2¢4.0,(x2-x1)*1.0)
theta_3 = atan2(y2+4.0,(x1-x2)#*1.0)
theta_4 = atan2(y2¢1.0,(x1-x2)*1.0)

if (inc_ang.ge.0.AND.inc_ang.lt.theta_1) then
gd = (x2*dz#cost+0*dz*sint)/c + TIME_TO_DELAY + 2+sdev
elseif (inc_ang.gs.theta_1.AND.inc_ang.lt.theta_2) then
gd = (x2%dz*cost+y2%dz*sint)/c + TIME_TO_DELAY + 2#sdev
elseif (inc_ang.ge.theta_2.AND.inc_ang.lt.theta_3) then

gd = ((x1+x2)/2¢dz*cost+y2+dz*sint)/c + TIME_TO_DELAY + 2*sdev

elseif (inc_ang.ge.theta 3.AND.inc_ang.lt.theta_4) then
gd = (xl*dz*cost+y2%dz*sint)/c + TIME_TO_DELAY + 2sadev
else
gd = (x1sdzecost+Osdz#sint)/c + TIME_TO_DELAY + 2#sdev
end if

totsteps = 0
do 80 mode_index = mode_start,mode_end

dt = dt_out (mode_index)

totsteps = totsteps + round(sim_duration*le-9/dt)
continue

if (store_movie) call setup_movie(totsteps)

RETURN
END

¢ GET_RCS_OUT_RANGES gets info from user about what angles and freqs

c

to calc the RCS for.

10

SUBROUTINE get_rcs_out_ranges(skip_fd)

implicit none
include ’common.f’

integer nang, fi, fi2, mono_bi
real mono_ang, ma, temp!reqli!t(l:HAX_PREQS)
logical skip_fd

if (.NOT.skip_fd) then
write(6,’ (' '+Enter lowest frequency of interest:
read(6,*) low_fresq
write(6,’(’’#*Enter highest frequency of interest: ’’,$)’)
read(5,*) high_freq

'7,4)%)

if (abs(low_freg-high_freq).gt.tole) then

11,8)1)

write(6,’(’’#Enter the number of frequencies:
read(5,*) num_freqs

if (num_fregs.gt.MAX_FREQS) then

write(6,*) ’Exrror. Number of fregs mmst bes ’,
1 *less than ?, MAX_FREQS, ’ or raise ',
2 ’MAXI_FRE(JS parmaeter’

177

write(6,*)
goto 10
end if

minf = 1
maxf = num_freqs
dfreq = (high_freq-low_freg)/(num_fregs-1.0}

do 20 £i = minf, maxf
freqlist (£i,1) = low_freq + dfreq+*{fi-1.0)

cressnsrsentrs Define type as normal RCS freq

20

freqlist(£i,2) = 0
tempfreqlist(fi) = freqlist(fi,1)
continue

stepf = 1
else
freqlist(1,1) = low_freq

cesssussusk Define type ms normal RCS freq

100

freglist(i,2) = 0
tempfreqlist (1) =
num_freqs = 1
minf = 1

freqlist(1,1)

maxf = 1
stepf = 1
end if
end if

write(6,*)
write(§,»)
write(6,*)
write(6,’(’’*Enter your choice:
read(56,*) mono_bi
if {(mono_bi.ne.1.AND.mono_bi.ne.2) then
goto 100
else
calc_bist = mono_bi.eq.1
end if

*1. Calculate bistatic RCS vs angle for given freqs’
’2. Estimate monostatic RCS vs angle for given frags’

11,8)")

if (calc_bist) then
write(6,*) ’Bistatic RCS angles (in degrees)’
write(6,’(’'#Enter initial and final phi: ’’,$,$)?)
read(5,*) low_phi,high_phi

if (abs(low_phi-high_phi).lt.tole) then
dphi = high _phi-low_phi+1.0
else
write(6,’(??#Enter number of angles:
read(5,*) nang
dphi = (high_phi-low_phi)/ real(nang-1.0)
end if

1,8))

t1,$,8)7)

write(6,’'(?’*Enter initial and final theta:
read(5,*) low_theta,high_theta

if (abs{low_theta-high_theta).lt.tole) then
dtheta = high_theta-low_theta+1.0
else
write(6,’(’’*Enter number of angles: ’?,$)°)
read(5,*) nang
dtheta = (high_theta-low_theta)/ real(nang-1.0)
end if
olse
write(6,’(’'*Enter incident angle theta in degress:
read(5,*) inc_ang

11,8)7)

write(6,*) ’Monostatic RCS angles (in degrees)’
urite(6,’(?'#Enter fixed phi angle: ’',$)’)
read(5,*) low_phi

high_phi = low_phi

dphi = 1.0

write(6,*) ’'Note, monostatic angle range = inc_ang (+/-) °,
‘max_ang’

vrite(6,’ (' '*Enter max angle: ’’,$,$)’)

read(5,*) mono_ang

mono_ang = abs(mono_ang)

low_theta = inc_ang-mono_ang

high_theta = inc_ang+mono_ang

if (abs(low_theta-high theta).lt.tole) then
dtheta = high_theta-low_theta+1.0
else
write(6,’(’’+Enter number of angles (must be odd): '’,$)’)
read(5,*) nang
if (real(nang/2).eq.real(nang)/2.0) then

write(6,¢) ’Increasing nang to ’, nang+l
nang = nang+i

end if

dtheta = (high_theta-low_theta)/ real(nang-1.0)

end if
mono_nang = nang
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ce#x++++ Dotermine freqs that need to be calculated. stop
Total freq ies ded num_freqs*(nang+1)/2 end if
if (num_freqgs*(nang+1)/2.gt .MAX_FREQS) then
write{6,+) 'MAX_FREQS error’ RETURN
pause END
end if
o -
fi2 = 1 ¢ WRITE_OUT_ALL_PARMS outputs to a file all important parametesrs used
do 30 fi=1,num_freqs c in running the simulation
CHEEREEERRRE Updgt. freqligt components so that thgy are considered CHFRERENERNERRRN R AR R RENE R A AR R BRI R SRS R R RERRBERER TR RERRE I EE TR RE RN
cesssrssvsx for use in monostatic calculations
mono_freq_ind(fi) = fi2 SUBROUTINE write_out_all_parms
do 40 ma = 0,mono_ang,dtheta
freqlist(£i2,1) = tempfreqlist(fi)*cos(ma/180%pi) implicit none
freqlist(£i2,2) =1 include ’common.f’
£i2 = £i2+1
40 continue integer totstepa, mode_index, round
30 continue real dt_out
minf = 1
maxf = num_freqs*(nang+1)/2 open{unit=9,file=’bor.out’,status='unknown’,form='formatted’)
end if
89  format{’Scatter field end points (’,14,’,’,14,’), (’,14,’,’,14
< do 50 £fi = 1,num_freqgs*(nang+1)/2 1 )
c print *,fi, freglist(fi,1),freqlist(fi,2) write(9,89) xscat_sp,l,maxz-xscat_sp,int{obj_height/dz)}+ytot_sp
¢ 5O continue
c do 60 fi = 1,num_freqs C #4% WRITE TO fnameocut »**
< print *,mono_freg_ind(fi) write(9,11)
¢ 60 continue write(9,17) (high_freq/1ES), (low_freq/1E9)
write(9,11)
RETURN if (modulate.eq.1) then
END write(9,31) modfreq/1.0E9
olse
vrite(9,31) -1
EREEENES (IR ET2 22232224 end if
¢ MEMORY_CHECK checks if enough memory has been allocated and reports write(9,11)
¢ all errors storsd in error buffer. write(9,26) len,obj_haight
aenn ARAREIERERE rrensin BEARRRRERREE S write(9,18) maxz,maxr,dz
write(9,11)
SUBROUTINE memory_check write(9,19) sigma_max
write(9,21) movie_num
implicit none write(9,22) movie_type
include ’common.f’ write(9,23) mheight,rcszl

write(9,24) rcsz2, 2*mheight+rcsz2-reszi-1
integer i, id

write(9,*)
if ((2*mheight+rcsz2-rcszl-1).gt.mxdp) then write(9,*) sdev = ’,sdev
print *,’error not enough memory for RCS components’ write(9,«) ’ inc_ang = ’,inc_ang/pi*180,' (deg)’
print *,’set the parametser mxdp higher than’, write(9,*) * gd = ?,gd,’ (sec)’
1 2smheight+rcsz2-reszl-1 write(9,*)
enough_memory = .FALSE.
end if writa(9,*) * Simulation Duration (ns) = ’,sim_duration
if (nm.gt.mode_start) then totsteps = 0
write (6,*) do 80 mode_index = mode_start,mode_snd
print #,’nm =’,nm,’ is greater than the starting mode’ dt = dt_out(mode_index)
print #,’number’, mode_start, ’. Adjust the nm parameter?’ N = round(sim_duration®le-9/dt)
enough_memory = .FALSE. totsteps = totsteps + N
end if write(9,36) mode_index,dt N
80  continue
if (mm.1lt.mode_end) then 36 format (2X, ’Mode = ’,12,2X’dt = ',E12.7,2X,’N time steps =’,I6)
write(6,*) write(9,%) ’ Total Steps to run = ?,totsteps
print #,'mm =’,mm,’ is less than the ending mode’
print *,’number’, mode_end, ’. Adjust the mm parameter’ write(9,11)
enough_memory = .FALSE. write(9,34) eqset_start, eqset_end
end if 34 format(2X,’Running eqset ’,I1,’ through ’,I1)
write(9,*)
if (errorcount.gt.0) then if (aba(Ehg-1.0).1t.tole) then
write(6,*) * ’ write(9,#) ’HH RCS calculatasd’
write(6,*) ’Insufficient memory to begin simulation. The’ elae
write(6,*) ’following parameter(s) in the common.f file’ write(9,%) ’VV RCS calculated’
write(6,*) ’'need to be adjusted:’ end if
do 10 i=1,errorcount if (calc_bist) then
id = errors(i) write(9,*) ’Bistatic RCS calculated’
write(6,*) else
if (id.eq.NODE_ERROR) then write(9,*) ’Estimated Monostatic RCS calculated’
urite(6,*) ’Set MAX_NODES to at least’,total_nodes end if
else if (id.eq.MAX_Z_ERROR) then
write(6,*) *Set MAX_Z_CELLS to at least’,maxz write(9,11)
else if (id.eq.MAX_R_ERROR) then if (.NOT.use_conformal) then
write(6,+) ’Set MAX_R_CELLS to at least’,maxr write{(9,#) ’ Staircase approximation gridding used for ’,
else if (id.eq.MAX_STAIR_ERROR) then 1 fnamein,’ geomfile’
write(6,*) ’Set MAX_STAIR_NODES to at least’, else
1 stair_node_count write(9,*) ’ Conformal gridding used for ’, fnamein,
else if (id.eq.MAX_RCS_ERROR) then 1 > geomfile’
write(6,*) ’Set MAX_RCS_NODES to at least’, end if
1 2»mheight+(rcszl-rcsz2) write(9,25)
end if
write(9,27) xtot_sp, ytot_sp
10 continue write(9,28) xscat_sp, yscat_sp
write(6,*) et write(9,20) xhuy_sp, yhuy_sp
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write(9,30) xall_sp, yall_sp

27 format (’ xtot_sp = ',18,’ ytot_sp = ’,I8)
28  format(’ xscat_sp = *,I8,! yscat_sp = ’,I8)
29 format (7 xhuy_sp = ’,I18,° yhuy_sp = ',1I8)
30 format {’ xall_sp = ’,18,’ yall_sp = ’,I8)
call plotb{ZB,RB,NP,51,41)
clese(unit=9)
c *s» FORMAT LINES »*&
09  format(I3)
11 format(’’)
17  format(’High Freq (GHz) =’,F6.2,3X,’Low Freq (GHz) = ’,F6.2)
31  format(’Modulation Preq (GHz) (-1 = unmodulated)’,F6.2)
28 format(5X, 'Length (m) = ?,P4.2,4X, ’Height (m) = ’,F4.2)
18 format(11X,’maxz = ’,I6, 9X,’maxr = ’,14,9X,’dz = ’,F8.7,’ (m)’)
19 format(’ sigma_max = ’,F12.8)
21 format {’ movie_num = ’,I12,’ (er=1, ez=2, ephi=3, hr=4, °’
1 ,’hz=6, Rphi=6)’)
22 format {* movie _type = ’,I12,’ (movie=1, wrtraw=2)’)
23 format ('’ mheight = ?,112,°’ reszl = *,18)
24 format (’ resz2 = !, 112! NPInRCS = ’,18)
25  format{(/,’ADJUSTED DATA POINTS TO FIT FDTD GRID’)
RETURN
END
rereRERRREE -
¢ DT_OUT returns the required dt for stability based on mode number
c and dz. Function used so that all dts in the program are calculated
c in the same way.
REAL FUNCTION dt_out{mode)
implicit none
include ’common.f’
integer mode
c*++* Taflove’s stability criterion, note with conformal method, must
c**+* use a smaller time step.
dt_out=dz/ ((max(mode+1.0,1.45))*c)
if (use_conformal) then
dt_out = 0.80»dt_out
else
dt_out = 0.95%dt_out
end if
c dt_out = 0.90*dt_out
ce*#*+ Davidson stability creiterion that only works for low order modes
c dt_out = 0.90*(dz/c)*(((mode+1.0)%52.0 + 2.8)/4 + 1.0)#*(-0.5)
RETURN
END
¢ the initialize routine
SUBROUTINE init_fields
implicit none
include ’common.f’
integer k,i
do 10 k=1,maxz
do 20 i=1,maxr
er(k,i)=0.0
0z(k,i)=0.0
ephi(k,i)=0.0
hr(k,i)=0.0
hz(k,i)=0.0
hphi(k,i)=0.0
20 continue
10 continue

do 30 k=1,pmldepth+1
do 40 i=0,pmldepth+maxr+i
erphil(k,i)=0.0
orzl(k,i}=0.0

ezphil(k,i)=0.0
ozrl(k,i)=0.0

ephirl(k,i)=0.0
ephizl(k,i}=0.0
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hrphil(k,i)=0.0
hrzl(k,i)=0.0

hphirl(k,i)=0.0
hphizl(k,1)=0.0

hzphil(k,i)=0.0
hzrl(k,i)=0.0
40 continue
30 continue

do 50 k=1,pmldepth+l
do 60 i=0,pmldepth+maxr+1
srphir(k,i)=0.0
erzr(k,i)=0.0

ezrr(k,i}=0.0
ezphir(k,i)=0.0

ephizr(k,i)=0.0
ephirr(k,i)=0.0

hrphir(k,i)=0.0
hrzr(k,i}=0.0

hphizr(k,i)=0.
hphirr(k,1)=0.

(=]

hzphir(k,i)=0.0
hzrr(k,i}=0.0
60 continue
50 continue

do 90 k=1,maxz
do 100 i=i,pmldepth+i
erzt(k,i)=0.0
erphit(k,i)=0.0

ezphit(k,i)=0.0
ezrt(k,i)=0.0

ephizt(k,i)=0.0
ephirt(k,i}=0.0

hrphit(k,i)=0.0
hrzt(k,i)=0.0

hphirt(k,i)=0.0
hphizt(k,i)=0.0

hzphit (k,i)=0.0
hzrt(k,i}=0.0
100 continue
20 continue

return
end

c FDTD Loop: loops through all time steps updating electric and
< magnetic fields and call boundary condition routines to enforce
c PEC BCs

SUBROUTINE fdtd_loop(store_freqa)

implicit none
include ’common.f’

integer k,i,m,eqset,ms,round,movie_frame
logical store_freqs
real dt_out

open{(unit=18,file=
open(unit=19,£il,

< print #*,’debug 0’
call memory_check
call write_out_all_parms

movie_frame = 0
time = 0

print *, "Starting simulation...”
do b m=mode_start,mode_end

dt = dt_out(m)

¥ = round(sim_duration*le-9/dt)

do 10 eqset=eqset_start,egset_end
me=(-1)*«(egset+1)

Jeffscat.dat’,status="unknown’,form=’formatted’)
*hffscat.dat’,status='unknown’,form='formatted’)
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print #,"Mode=",m,"” Equation Set #",egset
do 20 time=1,N
print *,time,’ of ’,N
do 30 k=1,maxz
do 40 i=1,maxr
call free_space E(k,i,m,ms,use_conformal)
40 continue
30 continue

call pmlEeqn{m*ms,ms)

if (use_conformal) then
call boundary_conditions(m,ms)
else
if (use_stair2) then
call stair_boundary_conditions
else
call staircase _approx
end if
end if

do 50 k=1 maxz
do 60 i=1,maxr
call free_space_H(k,i,m,ms,use_conformal)
60 continue
50 continue
call pmlHeqn(m*ms,ms)

crerxrxeurxnrsssStore some fields for analysis

c write(18,+) ez(236,75), er(236,75), ephi(236,75)
c write(19,*) 2(236,35), er(236,35), ephi(236,35)
c print *, ez(136,75), er(136,75), ephi(136,76)
< print *, ez(136,35), er(136,35), ephi(136,35)

if (store_movie) then
if (movie_frame.eq.movie_step) then
call movie(m,ms)

movia_frame = 0
else
movie_frame = movie frame + 1
end if
end if

if (store_freqs) call update_dft(m, eqset)

20 continue

call init_fields
10 continune
5 continue

c*acloging movie file
close{unit=4)

cxscloging eff and hff scat files.
close (unit=18)
close(unit=18)

return
end

c determines whether the grid cell (k,i) iz a total or scattered
c field.

logical function inside(k,i)
implicit nonse

include ’common.f’

integer k,i,t
t=scattot(k,i)

c #%% total fields are 2-9,14 =»=*

inside=(t.ge.2.AND.t.1¢.9)
inside=(inside.0R.t.eq.14)

return
end

LT shann
¢ free_spacs_E contains the core update equations for calculating
¢ the free space E fields.

-
SUBROUTINE free_space E(k,i,m,ms,conformal)

implicit nonse
include ’'common.f’

integer k,i,m,st,ms
real c¢1,¢2,c3,c4,ch
real gquad

logical conformal

st=scattot{k,i)

if (i.ne.1) THEN

C »xsdasrsssCalculate E fields at time n+0.5

4

aaa

TEER Ez
if ((ez_conformi(k,i).eq.0 AND.conformal).OR.{.not.
1 conformal)) then
c1=(3+0.5-1.0) *dt/(eps* (i+0.0-1.0)*dz)
¢2=(i~0.5-1.0) *dt/(eps* (i+0.0-1.0)*dz)
€3=(m+0.0)*dt/ (eps*(i+0.0-1.0)*dz)

c4=hphi (k,i-1)

if (st.eq.11) c4=c4-gquad(0.0,2+pi,ms*1i,m,timesdt, (i-1)=*dz,
1 k*dz,inc_ang)

oz(k,i)=ez(k,i)+(c1shphi(k,i)-c2+c4+ms*c3ehr(k,i)}/eta
end if

phi
if ((ephi_conformi(k,i).eq.0.AND.conformal).OR.{.not.
1 conformal)) then
cl=dt/(eps*dz)
c4=hz(k,i-1)

if (k+1.gt.maxz) THEN
c¢5=(hrzr(1,i)+hrphir(1,i))
ELSE
cb=hr (k+1,1)
END IF

if (st.eq.6.0R.st.eq.7.0R.8t.0q.8) c5=cb+gquad(0.0,2+pi,

1 ms*7,m,time+dt,i*dz, (k+1)#dz,inc_ang)
if (st.eq.1) c6=cb-gquad(0.0,2*pi,ms*7,m,time*dt,ivdz,
i {k+1)*dz,inc_ang)

if (st.eq.11) c4=c4-gquad(0.0,2%pi,ms+9,m,timexdt, (i-1)*
1 dz,k+dz,inc_ang)

ephifk,i)=ephi(k,i)+{c1*(cq4-hz(k,i)+cb-hr(k,i})))/eta
end if

if ((er_conforml(k,i).eq.0.AND.conformal).OR. (.not.
1 conformal)) then
if (k.eq.maxz) THEN
c5=hphizr(1,i)+hphirr{1,i)
ELSE
cb=hphi(k+1,i)
END IF

if (st.eq.6.0R.st.eq.7.0R.st.eq.8) THEN
c5=cB+gquad(0.0,2+pi,ms*11,m, time*dt,ixdz, (k+1)*dz,
1 inc_ang)
END IF

if (st.eq.1) cb=cb-gquad(0.0,2¢pi,ms*11,m,timesdt,ixdz,
1 {k+1)#dz,inc_ang)

cl=dt/ (eps*dz)
c2=(m*dt/eps)/((i+0.5-1.0)*d2)

or(k,i)=er(k,i)+{c1*{hphi(k,i)-cb)-ms*c2shz(k,i))/eta
end if

ELSE

(2]

On Axis Equati.

aa

it ((ez_conformi(k,i).eq.0.AND.conformal).OR.(.not.
b conformal)) then
cl=4«dt/ (eps*dz)
ez(k,i)=ez{k,i)+(ci*hphi(k,i))/eta

Creamnssrbrsssssss[f the Fourier mode is not 0 ez(k,1) is zero.
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if (m.ne.0) ez(k,i)=0.0
end if

phi

if ((ephi_conformi(k,i).eq.0.AND.conformal).OR.{.not.
1 conformal)) then
ci=2%dt/ (epssdz)
c2=dt/ (eps*dz)
if (k.eq.maxz) THER
c5=hrzr(1,i)+hrphir(1,i)
ELSE
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cb=hr(k+1,i)
END IF

if (st.eq.8) cb=c5+gquad(0.0,2+pi,ms*7,m,timerdt,isdz,

1 (k+1)*dz,inc_ang)
if (st.eq.1) c5=c5-gquad(0.0,2%pi,ms+7,m,timesdt,i*dz,
1 {k+1)*dz,inc_ang)

ephi(k,i)=ephi(k,i)+(-c1*hz(k,i)+c2*(cB-hr(k,i))}/eta
< #sxxxs]f the fourier mods !=1 then ephi(k,1) and hr(k,1) = zero
if (m.ne.1) THEN
ephi(k,i)=0.0
EKD IF
end if

c - r
if ((er_conforml(k,i).eq.0.AND.conformal).OR.(.not.
1 conformal)) then

if (k.eq.maxz) THEN
¢b=hphizr(1,i)+hphirr(1,i)

ELSE
¢5=hphi (k+1,i)

END IF

if (st.eq.8) c5=c5+gquad(0.0,2¢pi,ms*11,m, timerdt,ixdz,
1 (k+1)#dz,inc_ang)

if (st.eq.1) c5=cb-gquad(0.0,2+pi,ms*11,m,timesdt,i*dz,
1 {k+1)»dz,inc_ang)

c1=¢1/2.0
c2=(m*dt/eps}/((i+0.5-1.0)*dz)
er(k,i}=er(k,i)+(c1*(hphi(k,i)~c5)-ma#*c2shz(k,i))/eta
ond if
END IF

return
end

e T T T T P
c free_space_H contains the core update equations for calculating
c the free space H fields.

PP

rREC
SUBROUTINE free_space H(k,i,m,ms,conformal)

implicit none
include 'common.f’

integer X,i,m,st,ms
real ¢1,c2,c3,c4,ch5,gquad
logical conformal

st=scattot (k,i)

if (i.ne.1) THEN

c x

if ((conform_hri(k,i).eq.0.AND.conformal).OR.{.not.
1 conformal)) then
cl=dt/ (mu*dz)
c2=(medt)/ (mus(i+0.0-1.0)*dz)
if (k.eq.1) THEN
cb=ephizl(1,i)+ephirl(1,i)

ELSE
cb=ephi(k-1,1)
EKD IF
if (st.eq.2.0R.st.eq.3.0r.st.eq.4) cB=c5+gquad(0.0,2#pi,
1 ms*2,m,timerdt,iedz, (k-1)+dz,inc_ang)
if (st.eq.12) cb=c5-gquad(0.0,2#*pi,ms*2,m,timesdt,isdz,
1 (k~1)#dz,inc_ang)

hr(k,i)=hr(k,i)+eta*(c1#*(aphi(k,i)-c5)-ms*c2e¢sz(k,i))
end if

C sexes ssHphi
C »exex¥» only calculate if not a boundary cell as defined by

C ##x¢2%+ the conform gridl array

if ({conform_gridi(k,i).eq.0.AND.conformal).OR. (.not.
1 conformal)) then
c1=dt/{(murdz)
if (k.eq.1) THEN
cb=erzl(1,i)+erphil(1,1)
ELSE
cS=er{k-1,i)
ERD IF

if (i.eq.maxr) THEN
c4=ezrt(k,1)+ezphit (k,1)
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ELSE
c4=ez(k,i+1)

END IF

if {(st.eq.4.or.st.eq.5.0r.st.eq.6) cd=c4+gquad(0.0,2#pi,
1 ms*6,m,timesdt, {i+1)sdz,k*dz,inc_ang)

it (st.eq.2.or.st.eq.3.or.st.eq.4) cB=c5+gquad(0.0,2+pi,
1 ms#*4,m,time*dt,i*dz, (k-1)*dz,inc_ang)

if (st.sq.12) c5=c5-gquad(0.0,2*pi,ms*4,m,time*dt,isxdz,
1 (k~1)*dz,inc_ang)

hphi(k,i)=hphi(k,i)+etas(ci*(cd-oz(k,i)+c5-or(k,i)))
end if

C wun [P Hz

if {(conform_hz1(k,i).eq.0.AND.conformal).OR.(.not.
1 conformal)) then

c1=({(i+0.0-1.0)*dt/mm)/((i+0.5-1.0)*dz)
c2=((i+1.0-1.0)*dt/m)/((i+0.5-1.0)*dz)
c3=(m*dt/mu)/((i+0.5-1.0)*dz)
if (i.eq.maxr) THEN

c4=ephirt (k,1)+ephizt(k,1)
ELSE

c4=sphi(k,i+1)
END IF

if (st.eq.4.or.st.eq.5.0r.3t.eq.6) c4=c4+gquad(0.0,2%pi,
1 me*2,m, time*dt, (i+1)%dz,k*dz, inc_ang)

hz(k,i)=hz(k,i)+eta*(clvephi(k,i)-c2*ca+msvc3*er(k,i))

end if
ELSE
I P
c On ixis Equation
c o LT
4 - x
if ((contorm hri(k,i).eq.0.AND.conformal).OR.{.not.
1 conformal)) then
c if (k.eq.9) print *,k,i,ephi(k,i),ephi(k,i+1)

c1=dt/ (mu*dz)
if (x.eq.1) THEN
c5=ephizl(1,i)+ephirl{1,i)

ELSE
cb=ephi(k-1,i)
END IF
if (st.eq.2) c5=cb+gquad{0.0,2#pi,ms*2,m, time*dt,i*dz,
1 (k-1)*dz,inc_ang)
if (st.eq.12) c5=ch-gquad(0.0,2*pi, me#2,m,timesdt,ivsdz,
1 (x-1)*dz,inc_ang)

hr(k,i)=hr(k,i)+eta*(-ms*civez(k,i+1)+ci*(ephi(k,i)-c5))

cerxexxlf the fourier mode !=1 then ephi(k,1) and hr(k,1} = zero
if (m.ne.l1) THEN
hr(k,i)=0.0
END IF
end if

(4 soxasssfphi

it ((conform_gridi(k,i).eq.0.AND,conformal).OR.{(.not.
1 conformal)) then
cl=dt/ (musdz)
if (k.eq.1) THEN
e5=erzl(1,i) terphil(1,i)
ELSE
cb=er(k-1,1i)
END IP
if (i.eq.maxr) THEN
c4=ezrt(k,1)+ezphit(k,1)
ELSE
cd=ez(k,i+1)
END IF

if (st.eq.4.0r.st.eq.5.0r.st.eq.6) c4=c4+gquad(0.0,2+pi,
1 me46,m, timesdt, (i+1)+dz,k*dz,inc_ang)

it (8t.eq.2) cb=c5+gquad(0.0,2#pi,ms*d,m,timesdt,iedz,
1 (k-1)*dz,inc_ang)

it (st.eq.12) c5=c5-gquad{0.0,2#pi,ms*4,m,timesdt,isdz,
1 {k-1)*dz,inc_ang)

hphi(k,i)=hphi(k,i)+eta*(c1*(c4-ez(k,i)+c5-er(k,i)})
end if

c wssHz
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if ({conform_hz1(k,i).eq.0.AND.conformal).OR.(.not.

1 conformal)) then

print *,k,i
c1=((i+0.0-1.0) *dt/mn) /((i+0.5-1.0) »dz)
c2={(i+1.0-1.0) *dt/mu) /((i+0.5-1.0) *dz)
c3=(m*dt/mu)/((i+0.5-1.0}*dz)

if (i.eq.maxr) THEN

c4=ephirt (k,1)+ephizt (k,1)
ELSE

c4=ephi (k,i+1)
END IF

if (st.eq.4.or.st.eq.5.or.st.eq.8) cd=cd+gquad(0.0,2*

1 pi,ms*2,m,time*»dt,(i+1)+dz,k*dz,inc_ang)

hz(k,i)=hz(k,i)+eta*(cl*ephi(k,i)-c2#c4+ma+c3*er(k,i))

end if
END IF

return
end

Q

LT

Write out numerical values for each peint in the bitmap C
L c

20

30

40

10

60

70

80
50

SUBROUTINE matlab
include ’common.f’
integer i,k

open(unit=81,file='mutlab4dat',stutus='unknown',form=’tormattudﬂ

do 10 i=pmldepth,1,-1
do 20 k=pmldepth,1,-1
write(81,*) hphirl(k,i+maxr)+hphizl(k,itmaxr)
continus
do 30 k=1,maxz
write(81,*) hphirt(k,i)+hphizt(k,i)
continue
do 40 k=1,pmldepth
write(81,#) hphirr(k,i+maxr)+hphizr(k,i+maxr)
continue
continue

do 60 i=maxr,1,-1
do 60 k=pmldepth,1,-1
write(81,+) hphirl{k,i)+hphizl(k,i)
continue
do 70 k=1,maxz
write(81,*) hphi(k,i)
continue
do 80 k=1,pmldepth
write(81,#*) hphirr(k,i)+hphizr(k,i)
continue
continue

return
end

The following, geom.f, contains the sub-

routines for setting up the computational do-
main as well as determining the staircase or
conformal grid representation of the object.

integer function round(x)
real x, dec
dec = int(x)-x

if (abs(dec).gt.0.5) then
round = int(x)+1

else
round = int(x)

end if

return
end

logical function hphi_inside(rt,z1,r2,2z2,k,i)

implicit none
include ’common.f’

Ty - C

Coes
Coxse
Cexs

Cran

Cosrkns

Crassns

Creaxex

Channan

a

real ri,zl1,r2,z2,
integer k,i
logical inside_pec

slope, yk

This subroutine determines if the hphi field at cell (k,i),
but at physical location (k,i-0.5) is inside or outside
the PEC. It assumes the surface is closed and is convex.
Check for vertical line
if (abs(z1-22).1t.(dz/2)) then
Decide if target to left or right.
if (r2.gt.r1) then
Target on the right side of line
if ({k+0.0).gt.z2.AND.(i-0.5).1t.r2) then
hphi_inside = .true.
else
hphi_inside = .false.
end if
else
Target on the left side of line
if ((k+0.0).1t.z2.AND.(i-0.5).1t.rl) then
hphi_inside = .true.
else
hphi_inside = .false.
end if
end if
else

Eithexr horizontal, slanted right or left.

slope = (r2-r1+0.0)/(z2-z1+0.0)
vk = slope*(k+0.0)-zisslope+rl

print »,rl,zl,slope,yk,k,i

if (yk.gt.(i-0.5)) then
hphi_inside = .true.
else
hphi_inside = .falss.
end if

end if
if (k.eq.285) then
print *,k,i,zi,r1,22,r2,hphi_inside
end if

if (hphi_inside.ne.inside_pec(k,i,hphif)) print ,k,i, hphi_inside

Teturn
and

an0a0oono0

o
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logical function OnBound{(z1,r1,z2,r2,k,i}

implicit none
include ’common.f’

real zi,rl,z2,r2, rh, rl
intsger X,i

rh = max(zr2,ri)
rl = min(r2,r1)

OnBound = (i.lt.rh.AND.i.gt.rl)
OnBoundQ = OnBoundQ.OR.({(i-1).1t.rh.AND.i.gt.rl)
if (abs(z2-z1).gt.tole) then

OnBoundQ = OnBOundQ.AND.k.le.z2.AND.k.ge.zl
alae
end if

OnBoundQ = (i.le.rh+iE-7.AND.i.ge.rl-1E-T7)
OnBound(Q = OnBoundQ.OR.((i-1).le.rh+1E-7.AND.i.ge.r1-1E-7)

OnBound( = (i.lt.rh.AND.i.gt.rl)
OnBound} = OnBoundf.OR.((i-1).1t.rh.AND.i.gt.rl)
DnBound§ = OnBound(.0R.abs(k+0.5-z2).1t.tols

return
end
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LR LR L L L T P P Ty

c Datermins the enter and exit points of the surface given c
c the cell (k,i) location and the index of the data points ¢
¢ surrounding it. Note the physical loc is (k,i-0.5) c

LL L Ll L] LI+

subroutine snter_axit(k,i,index,za.re,zx,rx,cype,id)

implicit none

include ’common.f’

integer k,i,index,typse,entry_side,exit_side,id
real z1,r1,22,r2,slope,ze,re,zX,rx

C*#* ze,rs: sntry point; zx,rx: exit point

C#** type describes the typs of intersection
C#** type = 1 means intersects two perpendicular lines
Ce*+  type = 2 means intersects two parallsl lines

Cx#*  entry_side, exit_side describe entry and exit sides.
[ L L 1 implies parallel to z-axis, perp to r-axis
C#¢¥* e_5 = 2 implies parallel to r-axis, perp to z-axis
integer par_z, par_r
parameter (par_z=1,par_r=2)

if (index.le.0.DR.index.gt.NP) then
print *,’error 119, index out of range at ’, id,k,i,index,id
stop

end if

z1 = ZB(index)

z2 = ZB(index+1)

rl = RB(index)

r2 = RB(index+l)

print =*,index,z1,k,z2,r1,i,x2
if (abs(z2-z1).gt.tole) then

slope = (r2-r1+0.0)/(22-z1+0.0)

if (r1.1%.(i+0.0).AND.xr1.gt.(i-1.0)) then

za = z1

re = ril

entry_side = par_r
else

it (slope.ge.(0.0)) then
re = i-1.0

else
re = i+0.0

end if

ze = (re-rl)/slope + z1

if (ze.gt.z2.0R.ze.lt.z1) then
print *,’error 115 at ’, id,k,i,z1,22,r1,r2,ze,re,index
stop
end if
entry_side = par_z
end if

if (r2.1t.(i+0.0).AND.x2.gt.(i-1.0)) then
zx = z2
x = 12
exit_side = par.r
else
if (slope.ge.{(0.0)}) then
rx =i+ 0.0
else
rx=i- 1.0
end if
zx = (rx-r1)/slops + z1

it (zx.gt.z2.0R.zx.1t.z1) then
print *,’error 116 at ’, id,k,i,z1,z2,r1,r2,ze,re,zx,rx
stop
end if
exit_side = par_z
end if

3 print *, entry_side,exit_side
if (entry_side.eq.exit_side) then
type = parallel
else
type = perp
end if

else
Cessesx  Vertical Lins

if (r2.gt.rl) then
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re = i-1.0

ze = 21

rx = i+0.0

zx = z2
else

re = i+0.0

ze = z1

rx = i-1.0

zx = z2
end if

type = parallel

end if

return

¢ INSIDE_PEC(k,i) returns TRUE if the physical location of the c
c cell type is inside the pec. Uses global constants erf, ezf, c
¢ ephif, hrf, hzf, and hphif. <

(2]

logical function inside_pec{k,i,type)

implicit none

include ’common.f?

integer k,i,index,above,below,type

real tk, ti, min_z, max_z, min_r, max_r, slope

real zi, ri, zipl, ripi

Cess in array cell k,i is FDTD grid location

Cx»»  i-0.5, k+0.5 for er
Cex+  i-1.0, k+0.5 for ephi
Cex» i-1.0, k for ez
Cexs  ji-1.0, k for hr
Ce** i-0.b, k for hphi
Cexx  i-0.5, k+0.5 for hz

if (type.eq.erf) then
tk = k+0.5
ti = i-0.5

else if (typs.eq.ephif) then
ti = i-1.0
tk = k+0.5

else if (type.eq.ezf) then
ti = i-1.0
tk = k+0.0

else if (type.eq.hrf) then
ti = i-1.0
tk = k+0.0

else if (type.eq.hphif) then
ti = i-0.5
tk = k+0.0

else if (type.eq.hzf) then
ti = i1-0.5
tk = k+0.5

slse
print *,’Unknown field type ’,type
stop

end if

min_z = maxz+l1.0

max_z = -1.0

min_r = maxr+l.0

max_r = -1.0

do 10 index = 1 NP
if (ZB(index).gt.max_z) max_z = ZB(index)
if (ZB(index).lt.min_z) min_z = ZB(index)
if (RB(index).gt.max_r) max_r = RB(index)
if (RB(index).lt.min_r) min_r = RB(index)

10 continue

above = 0
below = 0

if (tk.gt.max_z.0R.tk.lt.min_z.0R.ti.gt.max_r.0R.ti.lt.min_r)

1 then
inside_pec = .FALSE.
else
Gans count the number of intersections

do 20 index = 1,NP
zi = ZB(index)
ri = RB(index)
if (index.eq.NP) then

zipl = ZB(1)
ripl = RB(1)
else

zipl = ZB(index+1)
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ript = RB{index+1)
end if

if ( (tk.1lt.zi.AND.tk.ge.zip1).0R.(tk.ge.zi.AND.tk.1lt.

1 zipl) ) then

slope = (ri-ripi1)/(zi-zip1)

if { (slopex(tk-zi)+ri).gt.ti ) then
above = above + 1

else
below = below + 1

end if

end if
20 continue

if ( mod(above,2)}.eq.0.AND.mod(below,2).eq.0 ) then
inside _pec = .FALSE.
else
inside_pec = .TRUE.
end if
end if

return
end
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¢ ON_PEC(k,i) returns TRUE if the physical location of the c
¢ cell type is on the surface of the pec. Uses global constants ¢
¢ erf, ezf, ephif, hrf, hzf, and hphif. <

haaeh
logical function on_pec(k,i,type)

implicit none
include ’common.f’

integer k,i,index,type

real tk, ti, min_z, max_z, min_r, max_r, slope
real zi, ri, zipl, ripl

logical conc

C»e+ in array cell k,i is PDID grid location

C**x  i-0.5, k+0.b for er
Ce#x i-1.0, k+0.5 for ephi
Cxs»  3i-1.0, k for ez
C*s» 3i-1.0, k for hr
Ce*x i-0.5, k for hphi
Ce*+  i-0.5, k+0.5 for hz

if (type.eq.erf) then
tk = k+0.5
ti = i-0.5

else if (type.eq.ephif) then
ti = i-1.0
tk = k+0.5

else if (type.eq.ezf) then

i-1.0

k+0.0

else if (typs.sq.hrf) then
ti = i-1.0
tk = k+0.0

else if (type.sq.hphif) then
ti = i-0.5
tk = k0.0

else if (type.eq.hzf) then
ti = i-0.5
tk = k+0.5

slse
print *,’'Unknown field type ’,type
atop

end if

min_z = maxz+1.0

max.z = -1.0
min_r = maxr+1.0
max_r = -1.0

do 10 index = 1,NP
if (ZB(index).gt.max_z) max_z = ZB(index)
if (ZB{index).lt.min_z) min_z = ZB(index)
if (RB(index).gt.max_r) max_r = RB(index)
it (RB(index).lt.min_r) min_r = RB(index)
10 continue

conc = .PFALSE.

if (tk.gt.max_z.0R.tk.lt.min_z.0R.ti.gt.max_r.OR.ti.1lt .min 1}

1 then
on_pec = .FALSE.
conc = .TRUE.
else
Cans count the number of intersections.

do 20 index = 1,NP
zi = ZB(index)
ri = RB(index)
if (index.eq.NP) then

zip1l = ZB(1)
ripl = RB(1)
else

zipl = ZB(index+1)
ripl = RB(index+1)

end if

if (abs(zi-zip1).lt.tole) then
if (abs(zi-tk)}.1lt.tole) then

if (ti.le.max(ri,ripl).AND.ti.ge.min(ri,rip1)) then

on_pec = .TRUE.
conc = .TRUE.
end if
end if
else

if (tk.ge.min(zi,zip1) .AND.tk.le.max(zi,zipl)) then

slope = (ri-rip1)/(zi-zip1)

if (abs(slope*(tk-zi)+ri-ti).1t.tole) then
on_pec = .TRUE.
conc = ,TRUE.

end if

end if
end if
20 continue
end if

return
end

c EZ_INSIDE(k,i) returns TRUE if the physical location of the
c az_field at cell k,i is inside the scatter.

<
<

logical function ez_inside(k,i)

implicit none
include ‘common.f’

integer k,i

c integer index1, findex

c real pz, pr, zi1, z2, rl, r2, cr
logical inside_pec

c pz = float (k)
< pr = float (i}

C**» First find the correct indices of the surrounding data points.

findex = -999
do 10 indexl = 1,NP-1
z1 = ZB(indexl1)
z2 = ZB(index1+1)
if (pz.gt.z1.AND.pz.1t.z2) findex = indexl
10 continue

aanaan

if (findex.ne.-999) then
rl = RB(findex)
r2 = RB(findex+i}
cr = {ri+r2)/2.0
if (cr.lt.pr) then
ez_inside = .PALSE.
else
ez_inside = .TRUE.
end if
else
ez_inside = .FALSE.
end if

coanono0ao0oanaan

ez_inside = inside_pec(k,i,ezf)
return
end

This subroutine is the geometry analyzer.
It calculates contour lengths and determines cell types,stc

The analzyer requires that the surface be closed, that
is: r(1) = r{(§P)

The BOR is formed by connecting the data points with straight
lines.

o6 000000

o6 nooo0aao

subroutine geometry

implicit none
include ’common.f’
integer i, k, errorcode, round

real toler
parameter (toler = 9.99E-6)
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hphiI0(k,i) = OUT

character filnam*1024, frmt»*30 do 80 indexi = 1,6

integer ilen, spacingl conform_grid{indexl,k,i) = nused
80 continus

real maxrb, zshift, rshift, slope 70 continue

60 continue
Cx*+ (n Boundary
C#s»  tot0B is the total number of cells in array (nBdy that C*++ Initialize conform_list vector
Csx* have part of tha PEC cut through them.
do 65 index1=1,MAXCP

real OnBdy(1:4,MAXCP), z1,22,r1,r2,z3 do 68 k = 1,9

integer tot0B, indexl, temp conform_list(k,indexl) = nused

integer unknown, inside, outside, floor, accessNPi 68 continue

logical hphi_inside, OnBoundQ, ez_inside, inside_pec,on_pec borrow_list(ezt,index1i) = N

parameter(accessNPi=4,unknown=0, inside=-1,outside=1) borrow_list{ezb,indexi) = NO

real minzp, maxzp, minrp, maxrp borrow_list(erl,indexi) = NO
borrow_list{err,indexi) = KO

C*s+ (k,i) is cell identifer with physical loc of hphi at (k,i-0.5) 65 continue

C*** type is either unknown, inside, outside.
C+»» Initialize conform hz, conform_hz_length
integer sright, sdown, sleft, scright, scdown, scleft, noconform

integer sscright, sscdown, sscleft, nused, sdownleft, sdownright do 22 indexl=1,MAXCP

integer scsdownleft, scsdownright, vright, vupright, vleft conform_hz_length(index1) = nused
integer vupleft, vdownleft, vdownright conform_hz(1,indexl) = nused
parameter (sright=1,sdown=2,sleft=3) conform_hz(2,index1) = nused
parameter(scright=4,scdown=5,scleft=6) conform_hz(3,index1) = nused
pnrnmstor(sxcright=7,sscdoimxa,3sclaft=9, noconform=20) 22 continue

parameter(nused=-32, scsdownleft=12, scsdoimright=13)

parameter(sdownleft=10, sdownright=11, vright=14, vupright=15} C»s» Initialize conform_hr, conform hr_length

parameter(vleft=16, vupleft=17, vdownleft=18, vdownright=19)
do 23 index1=1,MAXCP

C##+ Matlab display lengend for use with geom.m script conform_hr_length(index1) = nused
Cex% A - sright - stretch cell to the right conform_hr{1,indexl) = nused
C+** B - zdown - stretch cell to downwards conform_hr(2,index1) = nused
C#*+ C - sleft - stretch cell to the left conform_hr(3,index1l) = nused
Cse+ D - scright - self-conform to the right 23  continue
Cs#x FE - scdown - self-conform downwards
Cexs F - gcleft - self-conform to the left
Cs*¢ G - sscright - stretch & self-conform to the right write(6,s) ’Setting up geometry...’
Ceex H - sscdown - stretch & self-conform downwards
Cesx I - sscleft - stretch & melf-conform to the left write(6,’(’’#Accept spacing defaults [Y=1,N=2]: ’’,$)')
Cxxx J - sdownleft - special case of stratch down & left read(5,*) defaults
Cs#» K - sdownright - special case of stretch down & right
Cexs L - scsdownleft - self-conform and stretch down & left it (defaults.eq.1) then
Cess M - scsdownright - self-conform and stretch down & right xtot_ap=10
Cx** N - vright ~ vertical wall to the right ytot_sp=10
Crs» 0 - vupright - vertical wall to right and stretch upwards
C#*x P - vleft - vertical wall to the left xscat_sp=40
Ce2s  ( - vupleft - vertical wall to left and stretch upwards yscat_sp=40
Cs*+ R - vdownleft - vertical wall to left and stretch downwards
Ce¢* S - vdownright - vertical wall to right and stretch downwards xhuy_sp=2
C#*» T - noconform - a cell on boundary with hphi inside target yhuy_ap=2
integer lastoutk, lastouti, lastoutOB, lastink, lastini xall_sp = xtot_sp+xscat_sp
yall_sp = ytot_sptyscat_sp
real conform_grid(1:5,start_z:end_z,1:end_r) elss
integer temp_hz(l:mz,1:mr) write(6,’(’'sEnter xtot_sp [10]: ’*,$)’)
roead(5,*) xtot_sp
Cess  hphil0 grid identifies inside and outside hphi fields by write(6,’(’’*Enter ytot_sp [10]: ’’,$)")
Ces*» their k,i position which corresponds to physical (k,i-0.5) read(5,%) ytot_sp
integer hphiID(start_z:end_z,1:end_r), OUT, IN write(6,’(’’*Enter xscat_sp [40]: *’,$)’)
perameter(0UT = 0, IN = 1) read(5,*) xscat_sp
write(6,?(’ '»Enter yscat_ap [40]: *’,$)?)
integer typels, typels2, typels3, index12, index13 read(5,*) yscat_sp

real lenl, len2, area, ze2, re2, zx2, rx2, ze3, re3, zx3, rx3
write(6,’(’’*Enter xhuy_sp [2}: '°,$)?)

C*#s identifies type of enter,exit relationship(see enter_exit routine) read(5,*) xhuy_sp
real ze,re,zx,rx write(6,’(’ **Entexr yhuy_sp [2]: '’,%)’)
integer type, sr, etr, str read(5,*) yhuy_sp
integer NPcount, defaults xall_sp = xtot_spt+xscat_sp
real zstep, zslope, radius yall_sp = ytot_sptyscat_sp
end if
G Start of Geom Analysis Codexs&sassssskis
xall_sp = 50
Cse* TInitialize (nBdy vector yall_sp = 5O
tot(B = 0 cesssssssnew geom readin procedure...
do 5 i = 1,MAXCP
OnBdy (accessk,i} = -1.0 write(6,s) ’'Reading in data and analyzing geometry...’
OnBdy(accessi,i) = -1.0 open(unit=11,file=fnamein,status=’old’ ,form=’formatted’)
OnBdy(accesst,i) = unknown
OnBdy(accessNPi,i) = -1.0 read(11,s) dz
[ continue read{11,*) KP
C»+  actype, acll, acl2, ack, achPi if (NP.gt.0) then

read(11,») ZBt(1), RBt(1)
ZBt(1) = dzsround(ZBt(1)/dz)
ZBt(2) = ZBt{1)+dz

RBt(2) = RBt(1)+dz+dz/4

Cx*x Initialize conform_grid array and hphilQ grid

do 60 k=start_z,end_z
do 70 i=1,end_r

ao0o0o0
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c NP = NP+1
do 333 i=1,NP
read(11,») ZBt(i), RBt{(i)
c if (i.eq.3) RBt(i) = RBt(i)
ZBt(i) = dz#round(ZBt(i)/dz)
333 continue

NPcount = 0
do 334 i=1,NP-1
if (ZBt(i).ne.ZBt(i+1)) then
zalope = (RBt(i)-RBt(i+1))/(ZBt(i)-ZBt(i+1))
do 335 zstep = ZBt(i), ZBt(i+1)-dz/2, dz
NPcount = NPcount+l
ZBa(NPcount) = zstep
RBa(NPcount) = zslope*(zstep~ZBt(i))+RBt (i)
335 continue
slse
NPcount = NPcount+1
ZBa(NPcount) = ZBt(i)
RBa(NPcount) = RBt(i)
end if
334 continue

NPcount = NPcount + 1
ZBa(NPcount) = ZBt{NP)
RBa(NPcount) = RBt(NP)

NP = NPcount

else
cxsrxspbject is a sphere
read(11,*) radius
radius = dz*round(radius/dz)
NPcount = 0
do 341 zstep = 0.0,2*radius+dz/2,dz
NPcount = NPcount+i
ZBa(NPcount) = zstep
RBa(NPcount} = sqrt(radiuss*2.0-{zstep-radius)s+2.0)
341 continue

NP = NPcount
end if
close(unit=11)

open(unit=10,file=’uhoknous.dat’,stutus=’unknoun’,
1 form='formatted’)
do 338 i=1,NP
write(10,*) ZBa{(i), RBa(i)
338 continue

CERERRRESERD K

Cs»s Read in geometry file.

write(6,*) ’'Reading in data and analyzing geometry...’
open{unit=11,file=fnamein,status=’0ld’,form="formatted’)
read(11,*) dz

read(11,*) NP

read(11,*) (RBa(i),i=1,NP)

read(11,*) (ZBa(i),i=1,NP)

oaoona0a

i=1
dz = 0.0
1 it (dz.ne.(0.0)) go to 2
dz = ZBa(i+1) - ZBa(i)

c print *,dz
i = i+
go to 1
2 dz = dz
< print »,dz

Css+ Check for proper geometry file that satisfies specs above.

do 10 i = 1,NP-1
srrorcode = 100
if (ZBa(i).gt.ZBa(i+1)) goto 980
srrorcods = 101

< print *,dz,ZBa(i+1),ZBa(i),ZBa(it1)-ZBa(i),toler

if ((abs(abs(ZBa(i+1)-ZBa(i))-dz)}.gt.toler AND.

1 (abs(ZBa(i+1)-ZBa(i)).gt.toler)) goto 980

10 continue

errorcods = 102
if (abs(RBa(1)-RBa(NP)).gt.toler) goto 980

C#%* 5Shift the BOR object so that the targst is centered

minzp = ZBa(l)
maxzp = ZBa(1)
minrp = RBa{1)
maxrp = RBa(1)

15

20

Cans
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CHex
Coes

o

186

do 15 i = 1,NP
if (ZBa(i).gt.maxzp) maxzp = ZBa(i)
if (ZBa(i).1lt.minzp) minzp = ZBa(i)
if (RBa(i).gt.maxrp) maxrp = RBa(i)
if (RBa(i).lt.minrp) minrp = RBa(i)

continue

len = maxzp-minzp

obj_height = maxrp-minrp

spacingl = max(90,int(1.0*c/low_freq/dz))
spacingl = 50
maxz = 2#xall_sp + len/dz
maxr = yall_sp + obj_height/dz

if (maxz.gt.mz) then
print *,’maxz =’,maxz,’ is greater than the allowed mz =',mz
enough_memory = .FALSE.

end if

if (maxr.gt.mr) then
print *,’maxr =’,maxr,’ is greater than the allowed mr =',mr
enough_memory = .FALSE.

end if

2shift = ZBa(1)-xall_sprdz
rshift = RBa(1)

do 20 i = 1,NP
ZBa(i) = ZBa(i)-zshift
RBa(i) = RBa(i)-rshift
continue

Now scale the BOR objact

maxrb = -1
do 30 i = 1,NP
ZB(i) = round(ZBa(i)/dz)+0.5
RB(i) = RBa{i)/dz
print «,ZBa(i),ZB(i),RBa(i},RB(i)
it (RB(i).gt.maxrb) maxrb = RB(i)
continue

Destermine whers targsts cuts cells and whether the cut encloses
hphi within (inside) the PEC or whether hphi is outside the PEC

staircount = 0

do 40 indexl = 1,NP-1
k = ZB(index1)+0.5
z1 = ZB(indexi1)
22 = ZB{index1+1)
rl = RB(index1)
r2 = RB(indexi+1}

if (r2.gt.rl) then
sr = 1
etr = floor(maxrb) + 1
str = 1

else
sr = floor(maxxb) + 1
otr = 1
str = -1

end if

do 60 i = sr,etr,str
if (hphi_inside(rt,z1,r2,z2,k,i)) hphilO(k,i) = IN
if (k.1t.53) then
print *,k,i,z1,r1,22,r2, OnBoundQ(z1,r1,z2,r2,k,i)
ond if
if (OnBoundQ(z1,r1,z2,r2,k,i)) then
staircount = staircount + 1
it (str.eq.1) then
if (k.ne.staircase{ack,max(staircount-1,1)) .AND.i.ne.

1 staircase{aci,max{staircount-1,1)}) then

staircase (ack,staircount) = k
staircase(aci,staircount) i-1
staircount = staircount +
staircase(ack,staircount) k
staircase(aci,staircount) = i

else
if (.not.(k.eq.staircase(ack,max(staircount-1,1))

)

1 .AND.i.eq.stmircasae{aci,max(staircount-1,
2 1}))) then

staircase(ack,staircount) = k
staircase(aci,staircount) = i
alse
staircount = staircount - 1
end if
end if
alse
if (k.ne.staircase(ack,max(staircount-1,1))}.AND.i.ns.

1 staircase(aci,max(staircount-1,1))) then
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staircase(ack,staircount) = k-1
staircase(aci,staircount) = i
staircount = staircount + 1
staircase{ack,staircount) = k
staircase{aci,staircount) = i

else
if (.not.(k.eq.staircase(ack,max{staircount-1,1)).

1 AND.i.eq.staircase(aci,max(staircount-1,
2 1)))) then
staircase(ack,staircount) = k
staircase(aci,staircount) = i
else
staircount = staircount - 1
end if
end if
end if

if (i.gt.r2.AND.(22.eq.z1).AND.r2.gt.r1) then
conform_grid(acNPi,k,i) = indexi+1

else
conform_grid(acNPi,k,i) = indexi

end if

if (hphi_inside(ri,z1,r2,z2,k,i)) then
c hphill(k,i) = IN
if {(lastink.eq.k.AND.lastini.eq.i) then

else
totDB = totdB + 1
OnBdy(accessk,tot0B) = k
OnBdy{accessi,tot0B) = i
OnBdy{accesst,tot0B) = inside
if (i.gt.r2.AND.(z2.eq.z1) .AND.r2.8t.r1) then
OnBdy (accessNPi,tot0B) = index1+1
totDB = totlB + 1
OnBdy(accessk,tot0B) = k
OnBdy(accessi,tot0B) = i
OnBdy(accesst,tot0B) = inside
OnBdy(accessNPi,tot0B) = indexl
else
OnBdy(accessNPi,tot0B) = index1
end if
lastink = k
lastini = i
end if
else
if (lastoutk.eq.k.AND.lastouti.eq.i) then
OnBdy (accessNPi,lastout0B) = indexl
else
totDB = tot0B + 1
OnBdy (accessk,tot0B) = k
OnBdy {(accessi,tot0B) = i
OnBdy (accesat,tot0B) = outside
OnBdy (accessNPi,tot0B) = indexl
lastoutk = k
lastouti = i
lastoutDB = tot0B
end if
end if

end if

50 continue
40 continue

Cws#»* Frite out staircase approx data
ilen = index{dbase,’ ’) - 1
writs(frmt,’(a2,i4,a5)’) ’(a’,ilen,’,a10)?
write(filnam, frmt}dbase,’/stair.dat’

open{unit=10,file=filnam,status='unknown’,form=’'formatted’)
do 45 indexl = 1,staircount
write(10,#) staircase(ack,indexi), staircase(aci,indexi)
46  continue
close (unit=10)

ckssx don’t finish conformal gridding routines if only staircase needed
if (.NOT.use_conformal) goto 1200

Cas» check to enzure that OnBdy array was large enough.
c print =,tot0B

errorcode = 103

if (tot0B.gt.MAXCP) go to 980

Ceex Began checking inside cells.
do 90 indexl = 1,totDB
k = OnBdy(accessk,index1)

i = OnBdy(accessi,indexl)
< conform_grid{(acNPi,k,i) = OnBdy{(accessNPi,index1)
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if (OnBdy(accesst,index1).eq.inside) then
conform_grid{actype,k,i) = noconform

Ceesrrexsx  Checking for sdown, sright, or sleft. Will be sright
Cxsssikrss  or sleft is abs(slope) > 1 (i.e. > 45 deg incline)

zl = ZB(OnBdy(accessNPi,index1))
z2 = ZB{OnBdy(accessNPi,index1)+1)
rl = RB{OnBdy(accessNPi,index1})
r2 = RB(OnBdy(accessNPi,index1}+1)
c if (k.eq.91.AND.i.eq.7) print ,z1,r1,z2,r2
c print *,z1,k,z2,r1,i,r2,0nBdy(accessNPi,index1)

if (abs(z2-z1).gt.tole) then
slope = (r2-r1+0.0)/(22-21+0.0)
c if (k.eq.10.AND.ji.eq.80) print #,slope,zi,r1,z2,r2

if (abs(slope).gt.{(1.0)) then
if (slope.gt.(0.0)) then
if (conform_grid(actype,k-1,i).eq.nused) then
conform_grid(actype,k-1,i) = sright
else
if (conform_grid{actype,k-1,i).ne.sdown) then
errorcode = 104
print *,conform_grid(actype,k-1,i)
go to 980
else
conform_grid(actype,k-1,i) = sdownright
end if
end if
else
if (conform_grid(actype,k+1,i).eq.nused) then
conform_grid{actype,k+1,i) = sleft
else
if {conform grid(actype,k+1,i}).ne.sdown) then
errorcods = 105

go to 980
olse
conform_grid{(actype,k+1,i) = sdownleft
end if
end if
end it
elze

if (conform_grid(actype,k,i+1).eq.nused) then
conform_grid(actype,k,i+1) = sdown
else
if (conform_grid(actype,k,it+1).eq.sdown) then
errorcode = 106
go to 980
else
it (conform_grid(actype,k,i+1).eq.sright) then
conform_grid{actype,k,i+l)} = sdownright

else
c print #,’'test 2’
conform_grid(actype,k,i+1) = sdownleft

end if

end if

end if
end if
else

Crxsxssnnssrs Vertical line
it (r2.gt.r1) them
if (conform_grid(actype,k-1,i).eq.nused) then
if ((i+1.0).1t.(r2+1.0)) then
conform_grid(actype,k-1,i) = vright

else
conform_grid{actyps,k-1,i) = vupright
end if
slse
if {conform_grid{actyps,k-1,i).eq.sdown.DR.
1 conform_grid(actype,k-1,i).eq.noconform) then
alse

print s, k-1,i,conform_grid(actype,k-1,i)
errorcods = 107

go to 980
end if
end if
else
< if (conform_grid(actype,k+1,i).eq.nused) then
< conform_grid(actype,k+1,i) = sleft
4 else
errorcode = 108
go to 980
4 end if
end if
end if
end if

90 continue
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C#*+ Began checking outside cells

do 100 indexl = 1,totOB
k = OnBdy(accessk,index1)
i = OnBdy(accessi,indexl)

if (OnBdy(accesst,index1).eq.outside) then

Ces*»#sx4% Checking for scdown, scright, or scleft. Will be scright
Cessmssres or scleft is abs(slope} > 1 (i.e. > 45 deg incline)

z1 = ZB{OnBdy(accessNPi,index1))
z2 = ZB(OnBdy(accessNPi,index1)+1)
r1 = RB(OnBdy(accessNPi,index1))
r2 = RB(OnBdy(accessNPi,index1)+1)

if (abs(22-z1).gt.tole) then
slope = (r2-ri1+0.0)/(z2-z1+0.0)
c if (k.eq.10.AND.i.eq.81) print *,slope,zl,rl,z2,r2

if (abs(slope).gt.(1.0)) then
if (slope.gt.(0.0)) then
CHRsnensambinsshnh Right stretch
if (conform_grid{actype,k,i).eq.nused) then
conform_grid(actype,k,i) = scright
else
temp = conform_grid(actype,k,i)
if (temp.ne.sright.AND.temp.ne.sdownright) then
errorcode = 109
go to 980
else
if (temp.eq.sright) then
conform_grid(actype,k,i) = sscright

end if
if (temp.eq.sdownright) then
conform_grid(actype,k,i) = scsdownright
end if
end if
end if

alse
Left stretch
if (conform_ grid(actype,k,i).eq.nused) then
conform_grid{actype,k,i) = scleft
else
temp = conform_grid(actype,k,i)
if (temp.ne.sleft . AND.temp.ne.sdownleft) then
errorcode = 110
go to 980
else
if (temp.eq.sleft) then
conform_grid(actyps,k,i) = sscleft
end if
if (temp.eq.sdounleft) then
conform_grid(actype,k,i} = scsdownleft

(LTI T P T EIFTET Y

end if
end if
end if
end if
else
*ox ards stretch

if (conform_grid{actype,k,i).eq.nused) then
conform_grid(actype,k,i) = scdown

else
temp = conform_grid(actype,k,i)
if (temp.ne.sdown.AND.temp.ne.sdownleft . AND.

1 temp.ne.sdownright .AND.temp.ne.scsdownleft
2 AND.temp.ne.scasdownright.AND.temp.ne.vleft
3 AND.temp.ne.vright) then
< print *,char(temp+64)
srrorcode = 111
c go to 980
else

it (temp.eq.vright.OR.temp.eq.vleft) then
if (temp.eq.vright) then
conform_grid(actyps,k,i) = vdownright
end if

if (temp.eq.vleft) then

< print *,’test 3’
conform_grid(actype,k,i) = vdownleft
end if
else

it (temp.ne.sdownleft.AND.temp.na.sdownright.

1 AND.temp.ne.scsdownlott.lND.cemp.nc.
2 scsdownright) then
c print *,’test 1’,k,i,temp
conform_grid(actype,k,i) = ascdown

end if
end if
end if
end if
end if

else
Corssnxsrrsseds Vertical line

if (r2.gt.r1) then
c if (k.eq.10.AND.i.eq.81) print *,z1,r1,22,r2
if (conform_grid(actype,k,i).eq.nused) then
conform_grid(actype,k,i) = scright
else
errorcode = 112
go to 980
end if
else
if (conform_grid(actype,k,i) .eq.nused) then
if ((i+0.0).le.r1) then
if ((i+1.0).le.xr1) then
conform _grid(actype,k,i) = vleft

else
conform_grid(actype,k,i) = vupleft
end if
end if
else
if (conform_grid(actype,k,i).ne.scdown.AND.
1 conform_grid(actype,k,i) .ne.noconform.AND.
2 conform_grid(actype,k,i) .ne.sdown) then
print *,k,i,conform_grid(actype,k,i)
srrorcods = 113
go to 980
end if
end if
end if
end if

end if
100 continue

C#+* Jrite out the enter and exit calculated points

¢ ilen = index(dbase,’ ’) - 1

c write(frmt,’{a2,i4,a5)’) ’{a’,ilen,’,al2)’

< write(filnam,frmt)dbase,’/ent_sxt.dat’

c opan(unit:lo,fi1a=ti1nam,5tatus=’unknown',form='tormntced’)
c do 2001 k = start_z,snd_z

c do 2101 i = 1,end r

c index1l = conform_grid(achPi,k,i)

< if (conform_grid(actyps,k,i).ne.-32.AND.index1.ne.-32) then
< call enter_exit(k,i,index1,ze,rs,zx,rx,type,-99)

c write(10,%) ze,k,zx,re,i-0.5,rx,type

< end if

c 2101 continue

€ 2001 continue
¢ close (unit=10)

Cx#%  Contour types.
ilen = index(dbase,’ ’) - 1
write(frmt,’(a2,i4,a5)’) ’(a’,ilen,’,al0)?
vrite(filnam,frmt)dbase,’/cgrid.dat’

open{unit=10,file=filnam,status='unknown’,form=’formatted’)

do 1001 k = start_z,end_z
do 1101 i = 1,end_r
if (conform_grid(actype,k,i).ne.-32.AND.conform_grid
1 (actype,k,i).ne.noconform) then
write (10,*) k,i,conform_grid{(actype,k,i)+64
conform_gridi(k,i)=1
slse
conform_gridi(k,i)}=0
end if
1101 continue
1001 continue

close(unit=10)

C##+ At this point all conformal grid cells have been identified
Cess and classified. The following determines the contour lengths,
Ca** areas, and which fields need to be borrowsd and/or set to zero.

C#+#+ A list will now be created that contains all the conformal grid

Cese  cells (X,i) location, their contour lengths, areas, which fields
C**+ nesd to be borrowed, etc.
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Cs«* Note: ack,aci,actype,acll,acl2,aclA,acBorrow)
listcount = O

do 11¢ k = start_z,end_z
do 120 i = 1,end_r

type = conform_grid{actype,k,i}

if (type.ne.nused.AND.type.ne.noconform) then
listcount = listcount + 1
conform_list(ack,listcount) = k
conform_list(aci,listcount) = i
conform_list(actype,listcount) = type

Cessrsiskdkbesss  check to see what needs to be borrowed.

if (hphil0(k-1,i).eq.IN} then

c if (.not.inside_pec(k-1,i,exrf)) then
borrow_list(erl,listcount) = YES
c end if
end if

if (hphil0(k,max(i-1,1)).eq.IN)} then
c if {.not.ez_inside(k,i}) then
if (ez_inside(k-1,i))} then
borrow_list(ezb,listcount) = YES_RIGHT
elze
if (conform_list(aci,listcount-1).eq.i.AND.

1 borrow_list(ezb,listcount-1).eq.
2 YES_RIGHT) then
borrow_list(ezb,listcount)} = YES_RIGHT
else
borrow_list(ezb,listcount) = YES_LEFT
end if
end if
< end if
end if
if (hphiIO(k+1,i).eq.IN.OR.hphiIO(k,i).aq.IN) then
< if (.not.inside_pec(k,i,erf)) then
borrow_list{err,listcount) = YES
< end if
end if
if (hphilO(k,i+1).eq.IN.OR.hphiIO(k,i).eq.IN) then
if (ez_inside(k-1,i+1)} then
borrow_list(ezt,listcount) = YES_RIGHT
else
borrow_list(ezt,listcount) = YES_LEFT
end if
end if
¢ LTI T LI 1)
[T T T ) Typo SRIGHT (A) / VRIGHT (N) sexssxnsnsasssssss
C LI 2] "EEES

if (type.eq.sright.OR.type.eq.vright) then
indexl = conform_grid(acNPi,k+1,i)
call ant-r_exit(k+1,i,indaxl,zo,re,zx,rx,typell,bype)
errorcode = 120
it (typels.ne.parallel) go to 980

lenl = zx - (k-0.5)
len2 = ze - (k-0.5)

errorcods = 220
c print =*,lenl
if (leni.gt.(2.0).0R.1lenl1.1t.(0.0)) go to 980
erroxrcods = 320
if (len2.gt.(2.0).0R.1len2.1t.(0.0)) go to 980

area = 0.5#(leni+len2)
conform_list (acli,listcount) = leni
conform_list(acl2,listcount) = len2

conform_list(acd,listcount) = area

end if

c Type SDOWN (B)  xssxsser wex
C
if (type.eq.sdown) then
it (i.sq.1) then
indexl = conform_grid(acNPi,k,i)
else
indexl = conform_grid{(acNPi,Xk,i-1)
end if
call enter_exit(k,i-1,indexl,ze,re,zx,rx,typels,type)
c exrrorcode = 121
c if (typels.ne.parallel) go to 980
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lenl = (i+0.0) - re
len2 = (i+0.0) - rx

errorcode = 221
if (leni.gt.(2.0).0R.1lenl.1t.(0.0)) go to 980
errorcode = 321
if (len2.gt.(2.0).0R.1len2.1t.(0.0)) go to 980

area = 0.5%(leni+len2)
conform_list(acll,listcount) = lent

conform_list(acl2,listcount) = len2
conform_list(acA,listcount) = area

end if
c o
c Type SLEFT (C)
C EEER AR EEER SRR AR R bRk kb
if (type.sq.sleft) then
index! = conform_grid(acNPi,k-1,i)
call enter_exit(k-l,i,indexl,ze,re,zx,rx,typels,typc)
srrorcode = 122
if (typels.ne.parallel) go to 980
lenl = (k+0.5) - ze
len2 = (k+0.5) - zx
errorcode = 222
if (lenl.gt.(2.0).0R.leni1.1t.(0.0)) go to 980
errorcode = 322
if (len2.gt.(2.0).0R.1en2.1t.(0.0)) go to 980
area = 0.5#(leni+len2)
conform_list(acll,listcount) = lenl
conform_list(acl2,listcount} = len2
conform_list(ach,listcount) = area
end if
c PP o
Crsenssspssnsssesssssss  Type SCRIGHT (D) e
c RS P

it (type.eq.scright) then
index1 = conform_grid{acNPi,k,i)
call enter_exit(k,i,index1,ze,re,zx,rx,typels,type)

if (typels.eq.parallel) then
conform_list (acz,listcount) = -999

lenl = zx - (k-0.5)
len2 = ze - (k-0.5)

c print #,leni,len2.k,i,typels

srrorcode = 223
it (lenl.gt.(1.0).0R.1lenl.1%.(0.0)) go to 980
errorcode = 323
if (len2.gt.(1.0).0R.1len2.1t.(0.0)) go to 980
area = 0.5%{lenl+len2)

slse
conform_list(acz,listcount) = -1001

lent = (i+0.0) - rx
len2 = ze - (k-0.5)

< print *,lenl,len2,k,i,typels

exrrorcode = 423
it (lenl.gt.(1.0).0R.len1.1t.(0.0)) go to 980
errorcode = 523
if (len2.gt.(1.0).0R.1len2.1t.(0.0)) go to 980

area = len2+lenl*(1-len2)+0.5*(1-lenl)*(1-len2)
errorcods = 623
it (area.gt.(1.0).0R.area.1t.(0.0)) go to 980

end if

conform_list{acli,listcount} = lenl

conform_list(acl2,listcount) = len2

conform_list(ach,listcount) = area
end if

c

CHeubbbkmprsressrerthnt

Type SCDOVN (E)
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4

LLI T LRI s

if (type.eq.scdown) then
indexl = conform_grid(acNPi,k,i)
print *,indexi
call enter_sxit(k,i,index1,ze,re,zx,rx,typels,type)

errorcode = 124
if (typels.ne.parallel) go to 980

lenl = (i+0.0) - re
len2 = (i+0.0) - rx

srrorcode = 224
if (leni.gt.(1.0).0R.lenl.1t.(0.0)) go to 980
errorcode = 324
if (len2.gt.(1.0).0R.1en2.1t.(0.0)) go to 980

aren = 0.5*(leni+len2)
conform_list(acll,listcount) = lenil
conform_list(acl2,listcount) = len2

conform_list(acA,listcount) = area
end if

(1] ERREERRRRER =

CrEETEEXURRARNE RN N Type SCLEFT (F) / VLEFT {(P) sesermexhxsseesexsy
CHISE SRR RRIENRERKNERERRRR RS hk

c

if (type.eq.scleft.0OR.type.eq.vleft) then
indexl = conform_grid(acNPi,k,i)
call enter_exit(k,i,indexl,ze,re,zx,rx,typels,type)

if (typels.eq.parallel) then
conform_list(acz,listcount) = -999
lent = (x+0.5) - ze
len2 = (k+0.5) - zx

print *,lenl,len2,k,i,typels

errorcode = 226
if (leni.gt.(1.0).0R.len1.1t.(0.0)) go to 980
srrorcode = 325
if (len2.gt.(1.0) .0R.len2.1t.{C.0)) go to 980
area = 0.5%(leni+len2)
else
conform_list(acz,listecount) = -1001
lent = (i+0.0) - re
len2 = (k+0.5) - =zx

print »,leni,len2,k,i,typels

errorcode = 425
if (lent.gt.(1.0).0R.lenl.1t.{0.0)) go to 980
errorcode = 525
if (len2.gt.(1.0) .0R.1len2.1t.(0.0)) go to 980

arsa = len2+leni»(1-len2)}+0.5%(1-lenl)*{1-len2)

errorcode = 625

it (arsa.gt.(1.0).0R.arsa.1t.(0.0)) go to 980
end if

conform_list(acll,listcount) = lenl

conform_list(acl2,listcount) = len2
conform_list(ach,listcount) = area
end if

CEHEEBARERRERRES SRS RN URSE Type SSCRIGHT (6)

C

if (type.eq.sscright) then
indexl = conform_grid(acNPi,k,i)
index12 = conform_grid{acNPi,k+1,i)

call enter_exit(k,i,indexi,ze,re,zx,rx,typels,typs}
call enter_exit{k+1,i,index12,ze2,re2,zx2,rx2, typels2,
type)

errorcode = 126
if (abs(zx-ze2).gt.tole.OR.abs{rx-re2).gt.tole) go
to 980

lenl = zx2 - (k-0.5)
len2 = ze - (k-0.5)

errorcode = 226
it (leni.gt.(2.0).0R.leni.1t.(1.0)) go to 980
errorcode = 326
if (len2.gt.(1.0).0R.len2.1t.(0.0)) go to 980

= len2+*(1-(i-rx)) + (zx~(k-0.5))*(i-rx) +
0.5%(zx~(k~0.5)-1len2)*(1-(i-rx)} +
0.5%(1eni-(zx-(k~0.5))) *#(i-rx}

area

errorcode = 426
if (area.gt.(2.0).0R.area.1t.(0.0)) go to 980

< print *,k,i,lenl,len2,area,zx,rx
conform_list(acli,listcount) = leni
conform_list(acl2,listcount) = len2
conform_list(acA,listcount) = area
conform_list(acz,listcount) = zx
conform_list(acr,listcount) = rx
end if
¢ L1 L3 - -
CRRkadssesasdunklnenrn Type SSCLEFT (1)
C EEENE - o
if (type.eq.sscleft) then
index1l = conform_grid{acNPi,k,i}
index12 = conform_grid{acNPi,k-1,i)
call enter_exit(k,i,indexl,ze,re,zx,rx,typels, type)
call enter_sxit(k-1,i,index12,ze2,re2,2x2,rx2,typels2,
1 type)
errorcode = 127
it (abs(zx2-ze).gt.tole.0R.abs(rx2-re).gt.tole) go
1 to 980
lenl = (k+0.5) - ze2
len2 = (k+0.5) - zx
srrorcods = 227
if (len1.gt.(2.0).0R.lerl.1t.{1.0)) go to 980
errorcode = 327
it (len2.gt.(1.0).0R.len2.1%.(0.0)) go to 980
area = len2*{1-{i-re)) + ((kx+0.6)-ze)*(i-re) +
1 0.5%(1-(i-re))*((k+0.5)-ze-1len2) +
2 0.5%(i-re)*(lenl-(k+0.5-ze))
errorcode = 427
if (area.gt.{2.0).0R.area.1lt.(0.0)) go to 980
c print *,k,i,leni,len2,area,zx,rx
conform_list(acll,listcount) = lenl
conform_list (acl2,listcount} = len2
conform_list (acA,listcount) = area
conform_list (acz,listcount) = ze
conform_list (acr,listcount) = re
end if
¢ L1
CHABEIERNEERANEREERE R E Type SSCDOWN (H)
¢ LI I 22 Y]
if (type.eq.sscdown) then
indexl = conform_grid{aclNPi,k,i)
index12 = conform_grid(acNPi,k,i-1)
errorcode = 128
if (indexl.ne.index12) go to 980
< print *,k,i,index12,index1,conform_grid(actype,k,i-1}
call enter_sxit(k,i,index1,ze,re,zx,rx,typels, type)
call enter_exit(k,i-1,index12,ze2,re2,zx2,rx2,typels2,
1 type)
slope = {rx-re)}/(zx-ze)
if (alope.gt.(0.0)) then
errorcode = 228
it (abs(zx2-ze).gt.tole.OR.abs(rx2-re).gt.tole) go
1 to 980
lenl = (i+0.0) - re2
len2 = (i+0.0) - rx
errorcode = 328
if (lenl.gt.(2.0}.0R.lenl.1t.(1.0)) go to 980
errorcode = 428
if (len2.gt.(1.0).0R.len2.1t.(0.0)) go to 980
area = 0.5%(lenltlen2)
else
errorcode = 528
c print *,ze2, zx, rel2, rx
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if (abs{ze2-zx).gt.tole.0R.abs(re2-rx).gt.tole) go
to 980

leni = (i+0.0) - re
len2 = {i+0.0) - rx2

errorcode = 628
if {(lenl.gt.(1.0).0R.lenl.1t.(0.0)) go to 980
errorcode = 728
if (len2.gt.(2.0).0R.len2.1t.(1.0)) go to 980

area = 0.5*(leni+len2)
end if

slops = lenl - len2
zx = (k+0.5) + (len2-1)/slope

conform_list(acli,listcount) = lent
conform_list(acl2,listcount) = len2
conform_list (ach,listcount) = area

end if
G LS L L] REREEF B ER RS
CEEXRBRESERRRREEA RSN Typ- SCSDOWNLEPT (L) EE LI Ll LR E L EL 22 LY
¢ XEER EEREBENERRERRRESEELRAB RS IR R R SRR R R R KRS
if (type.eq.scsdownleft) then
index1 = conform_grid(acNPi,k,i)
index12 = conform_grid(acKPi,k-1,i)
index13 = conform_grid(acNPi,k,i-1)
errorcode = 129
if (indexl.ne.index13) go to 980
call enter_exit(k,i,indext,ze,re,zx,rx,typals,type)
call enter_sexit(k-1,i,index12,ze2,re2,zx2,rx2,typels2,
type)
call enter_exit(k,i-1,index13,ze3,re3,zx3,rx3,typels3,
type)
srrorcode = 229
if (abs(zx2-ze).gt.tole.OR.abs{rx2-re).gt.tols) go
to 980
serrorcode = 328
if (abs(zx-ze3).gt.tole.0R.abs{rx-re3).gt.tols) go
to 9BO
lenl = (k+0.5) - ze2
len2 = (i+0.0) - rx3
errorcode = 429
if (lenl.gt.(2.0).0R.len1.1t.{1.0)) go to 980
errorcode = 529
if (len2.gt.(2.0).0R.len2.1t.(1.0)) go to 980
area = (i-re) + 0.5#(len2-(i-re)) + 0.5#(i-re)*
(ze-(k+0.5-1enl))
erroxrcoede = 529
if (area.gt.(2.0).0R.area.1t.(0.0)) go to 980
conform_list(acll,listcount) = leni
conform_list (acl2,listcount) = len2
conform_list(acd,listcount) = area
conform_list(acz,listcount) = zs
conform_list(acr,listcount) = re
ond if
4

Chaspusrdbddhbhkdbbhy Type SCSDOWNRIGHET [4:}] EVERNSAEREBESRRERERER

c

if (type.eq.scsdownright) then

index! = conform_grid{acKPi,Xx,i)
index12 = conform_grid{acNPi, k+1,i)
indexi3 = conform_grid(acNPi,k,i-1)

errorcode = 130
if (indexl.ne.indexi3) go to 980

call enter_exit(k,i,index1,ze,re,zx,rx,typsls,type)

call enter_exit(k+1,i,index12,ze2,re2,2x2,rx2,typels2,
type)

call -ntur_nxit(k,i-l,index13,2t3,roS,sz,pr,typelsB,
type)

erroxrcode = 230

it (abs(zx-ze2).gt.tole.0R.abs(rx-re2).gt.tols) go
to 980

errorcode = 330

if (abs(zx3-ze).gt.tole.OR.abs(rx3-re).gt.tols) go
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to 980

lenl = z2x2 - (k-0.5)
len2 = {i+0.0) - re3

errorcods = 430
if (leni.gt.(2.0).0R.1leni.1t.{1.0)) go to 980
errorceds = 530
if (len2.gt.(2.0).0R.len2.1t.(1.0}) go to 980

area = (i-rx) + 0.5%({k-0.5+len1)-zx)*(i-rx)
4+ 0.5%{(rx~-(i-len2))

errorcode = 630
if (area.gt.(2.0).0R.area.1t.{0.0)) go to 980

conform_list(acll,listcount) = lenl
conform_list{acl2,listcount) = len2
conform_list(acA,listcount) = area
conform_list(acz,listcount) = zx
conform_list (acr,listcount) = rx

end if

¢

Chbbbhnhdbbbbhhbhhhhhbh Type SDOWNLEFT (J) AREERRREERERRERERE R RNR

if (type.eq.sdownleft) then

index1 = conform_grid(acNPi,k-1,i)
index12 = conform_grid(acll?i,k-l,i~1)
index13 = conform_grid{(acNPi,k,i-1)

arrorcode = 131
it (indexl.ne.index12) go to 980

call enter_exit(k-1,i,index1,ze,re,zx,rx,typels,typs)

call enter_exit(k-1,i-1,index12,ze2,re2,zx2,rx2,
typels2,type)

call entar_exit(k,i—l,index13,zea,ro3,zx3,rx3,typ0133,
typs)

errorcode = 231
if (typsls.ne.parallel.0R.typels2.ne.perp.0R.typels3.
ne.parallel) go to 980

errorcode = 331
if (abs(z83-zx2).gt.tole.0R.abs({re3-rx2).gt.tole) go
to 980

lenl = (k+0.5) - ze
len2 = (i+0.0) - rx3

errorcode = 431
if (lenl.gt.(2.0).0R.len1.1t.(1.0)) go to 980
exrrorcode = 531
it (len2.gt.(2.0).0R.len2.1t.(1.0)) go to 980

area = 0.5+¢(len1-1)»(lan2-(rx2-rx3)) + 0.5%
(rx2-rx3) + (len2-(rx2-rx3))

errorcode = 631
it (area.gt.(2.0).0R.area.1t.(0.0)) go to 980

conform_list{acll,listcount) = lenl
conform_list{acl2,listcount) = len2
conform_list(acA,listcount) = area
conform_list (acz,listcount) = ze3
conform_list(acr,listcount) = re3

end if

c
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if (type.eq.sdownright) then

indexl = conform_grid{acNPi, k+1,i}
index12 = conform_grid{acNPi,k+1,i-1)
index13 = conform_grid{acHPi,Xk,i-1)

errorcode = 132
if (index1.ne.index12) go to 980

call encor,oxit(k+1,i,indoxl,ze,re,zx,rx,typels,cype)

call enter_exit{k+1,i-1,index12,ze2,re2,zx2,rx2,
typels2,typs)

call enter_exit(k,i-1,index13,ze3,re3,zx3,rx3,typels3,
type)

errorcode = 232
if (typels.ne.parallel.OR.typels2.ns.perp.0R.typels3.
ne.parallel) go to 980
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errorcods = 332
if (abs(zx3-ze2).gt.tole.OR.abs(rx3-re2).gt.tole) go
1 to 980

lenl = zx - (k-0.5)
len2 = (i+0.0) - re3

errorcode = 432
if (lenl.gt.(2.0).0R.1lenl.1t.(1.0)) go to 980
errorcode = 532
if (len2.gt.(2.0).0R.1len2.1%.(1.0)) go to 980

area = 0.5¢(leni-1)#{len2-(re2-re3)) + 0.5+
1 (re2-re3) + (len2-{re2-re3))

errorcode = 632
if (area.gt.(2.0).0R.area.lt.(0.0)) go to 980

conform_list(acll,listcount) = lenl

conform_list{(mcl2,listcount) = len2
conform_list{acA,listcount) = area
conform_list{acz,listcount) = ze2
conform_list{acr,listcount) = re2
end if
[ AR A RSP OR ORI RRRRE
CHEREHRARRIRAEARERRRREN Type VUPRIGET (0) AERRRREERARERERRRERAENE
[ P P P ex

if (type.eq.vupright) then
if (i.eq.1) then
indexl = conform_grid(nc}lpi,kﬂ,i)

slse
indexl = conform_grid(acNPi,k+1,i-1}
end if
c print #,index1,k,i

ze = ZB(index1})
re = RB(indexl)
ze2 = ZB(index1i+1)
re2 = RB(indexi+1)

erroxrcode = 133
c print *,re2,re,indext
if (re2.lt.re) go to 980
lenl = re2 - (i-1.0)
errorcoda = 233
c print #,lenl,re2,re
< if (lenl.gt.(2.0) .0R.1sn1.1t.(1.0)) go to 980
area = lent
conform_list(acli,listcount) = lenl
conform_list{acA,listcount) = area

end if

Q

Type VUPLEFT (G)
C LA 2]

waamaay

CEERBERRETEFRRRERRRRPEN

c e

if (type.eq.vupleft) then
if (i.eq.1) then
index1 = conform_grid(acNPi,k,i)
else
index1 = conform_grid(acNPi,k,i-1)
end if
ze = ZB(index1)
re = RB(index1)
202 = ZB(indexi-1)
re2 = RB(indexi-1)

c errorcode = 134
print *,re2,re,indexl
if (re2.lt.re) go to 980

o a

< print #,ze,re,ze2,re2,k,i
lent = re - (i-1.0)

errorcode = 234
c print *,leni
if (lenl.gt.(2.0).0R.len1.1t.{1.0)) go to 980

if (lenl.gt.(1.5)) then

conform_list(actype,listcount) = vleft
conform_list(ack,listcount)} = k
conform_list{aci,listcount) = i
contorm_list(acll,listcount) = 1.0
conform_list{acl2,listcount) = 1.0
conform_list(acz,listcount) = -999
conform_list(acd,listcount) = 1.0

listcount = listcount + 1
conform_list(actype,listcount) = vupleft
conform_list{ack,listcount) = k

conform_list{aci,listcount) = i+l

conform_list{acll,listcount) = lenl - 1.0

conform_list(acA,listcount) = lent - 1.0
else

area = lenl

conform_list(acll,listcount) = lent
conform_list{(acA,listcount) = area

end if

end if

EEEREEI RS RREEER AR
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if (type.eg.vdownright) then
indext = conform grid(acNPi,k+1,i)
print *,indexi,k,i
ze = ZB(index1)
re = RB(index1)
ze2 = ZB(indexi+1)
re2 = RB(index1+1)

print *,ze,re

errorcode = 135
if (re2.1t.re) go to 980

lenl = (i+0.0) - re

errorcode = 235

print »,lenl,re2,re

if (leni.gt.(2.0).0R.len1.1%.(0.0)) go to 980
area = lenl

conform_list{acll,listcount)} = lenl

conform_list{achA,listcount) = area
end if

CRIRENRERERNRERES RN R
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if (type.eq.vdownleft) then
indexi = conform_grid(achPi,k,i)
zs = ZB(index1)
re = RB(index1)
ze2 = ZB(index1-1)
re2 = RB(index1-1)
print ® k,i,indexl
print *,ze,re,ze2,re2

errorcode = 136
if (re2.1t.re) go to 980

lenl = (i+0.0) - re

errorcode = 236
if (leni.gt.(2.0).0R.len1.1t.(0.0)) go to 980

area = leni

conform_list{acll,listcount) = lenl
conform_list{aci,listcount) = area
end if

end if
continue
continue

Writs out resultz for display to MATLAB plot for
analysiz and verfication.

do 150 k = 1,mz
do 160 i = 1,mr
conform_gridi(k,i} =
ephi_conformi(k,i) = 0
er_conformi(k,i) = 0
ez_conforml(k,1) =0
continue
continue

o

Contour Length and Area Calculated Values
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ilen = index(dbase,’ ') - 1 end if
write(frmt,’'(a2,i4,a5)’} ’(a’,ilen,’,al0)’
write{filnam,frmt)dbasze,’/clist.dat’ end if
open (unit=10,file=filnam,status=’unknown’,form='formatted’) else
Crsxsxnns Vertical Line
do 2010 indexl = 1,listcount if (abs(z1-z2).1t.tole) then
write(10,*) int(conform_list(ack,index1)),int{conform_list do 210 i = floor(max(ri,r2)})}+1,floor(min(ri,r2))+1,-1
1 (aci,index1)),int (conform_list(actype,index1)+64), hzcount = hzcount + 1
2 conform_list(acll,index1},conform_list(acl2,indexl), c if (int(z1-0.5).eq.109.AND.i.eq.70)
3 conform_list(acz,indexl),conform_list(acr,indexl), c 1 print *,’test’,rl,r2,z1,z2
4 borrow_list{ezt,index1),borrow_list{err,index1), conform_hz(accessk,hzcount) = floor(z1-0.5)
5 borrow_list{ezb,indexl) ,borrow_list(erl,index1) conform_hz(accessi,hzcount) = i
6 ,conform_list{ach,index1) conform_hz(accesst, hzcount) = EQZEROD_HZ
210 continue
if (borrow_list(ezt,index1).ne.ND) ez_conformi{conform_list aend if
1 (ack,index1),conform_list(aci,index1)+1) = 1
end if
if (borrow_list(ezb,index1i).ne.NO)} ez_conforml(conform_list 200 continue
1 (ack,index1),conform_list(aci,index1)) = 1
if (borrow_list(err,index1).ne.NO) er_conformi(conform_list Cx## Write out hz conformal grid information.
1 (ack,index1),conform_list(aci,index1)) = 1
do 250 k = 1,mz
if (borrow_list(erl,index1).ne.NO) er_conformi(conform_list do 260 i = 1,mr
1 (ack,index1)-1,conform_list(aci,indexi)) = 1 conform_hzi(k,i) = 0
260 continue

250 continue
2010 continue
ilen = index{dbase,’ ?) - 1
close(unit=10) write{frmt,’(a2,i4,a4)’) ’{a’,ilen,’,ad}’
write(filnam,frmt)dbase,’/cghz.dat’

C open{unit=10,file=filnam,status=’unknown’,form='formatted’}
Creserassxansensy Conformal Hz Geometry Procassing ERESREAARESRAE R
G - do 3000 indexl = 1,hzcount
C*** Variables for conformal Hz field. write{(10,%) conform_hz(accessk,indexl), conform_hz(accessi,
C#»* using accessk, accessi, accesst 1 index1), conform_hz(accesst,indexl), conform_ hz_length
2 (index1)
hzcount = 0
c if (conform_hz(accesst,indexl).eq.STRETCE_HZ.OR.
do 200 indexi = 1,NP ¢ 1 conform_hz(accesst,index1).eq.SC_HZ.0R.
z1 = ZB(index1) c 2 conform_hz(accesst,index1).eq.EQZERD_HZ) then
ri = RB(index1)
if (conform_hz(accesst,index1).eq.STRETCH_HZ.OR.
if (indexl.eq.NP) then 1 conform_hz(accesst,index1).eq.SC_HZ) then
%2 = ZB(index1-1}
r2 = RB(index1-1) conform_hzl{(conform_hz{accessk,index1),conform_hz{
23 = -999 1 accessi,indexl)}) = 1
else end if
%2 = ZB(indexi+1) 3000 continue
r2 = RB(index1+1)
if (indexl.ne.1) then close(unit=10)
z3 = ZB(index1-1)
else fol LI LT T Ty
z3 = z1 [T IR 22T R 2 Conformal Hr Geometry Processing ERERFERERREREER
end if C Ll
end if
hrcount = 0
if ((r2.ge.r1.AND.abs(z2-z1).gt.tole).0R.{r2.1t.x1.4ND. ephicount = 0
1 abs(z1-z3) .gt.tole)) then
it (abs{(z1-z3).gt.tole.OR.abs(ri-maxrb).1lt.tole) then do 600 kx = 1,mz
if (abs(ri-floor(ri)).ge.(0.0)) then do 660 i = {,mr
i = floor(r1) + 1 temp_hz(k,i) = 0
hzcount = hzcount + 1 660 continue
conform_hz{accessk,hzcount) = floor(z1-0.5) 600 continue
if ((i-0.5).1t.r1) then
conform_hz(accessi,hzcount) = i + 1 do 300 indexi = i,NP-1
conform_hz{accesst,hzcount) = STRETCH_HZ k = ZB(index1)+0.5
conform_hz_length(hzcount) = i + 1 - rit z1 = ZB(index1)
else z2 = ZB(index1+1)
conform_hz(accessi,hzcount) = i rl = RB(index1)
conform_hz(accesst,hzcount) = SC_HZ r2 = RB(indexi+1)
conform_hz_length(hzcount) = i ~ ri
end if if (abs(z1-22).1t.tole.0R.abs(r1-r2).1t.tole) then

Cresssnns Horizontal or vertical line.
it (abz(z1-z2).1t.tole) then

CEESREABRRRAERRRES A vertical line. it (abs(z1-z2).1t.tole} then
c print *,’testing’,zl,rl,z2,r2 Crrnunsssnss Vertical line
do 220 i = floor(max(ri,r2))+1,fleor{min(r1,r2)}) do 320 i = floor{min(r1,r2)),floox(max(ri,x2))+1
1 +1,-1 if (i.ge.min(rl,r2).AND.i.le.max(r1,r2)) then

hzcount = hzcount + 1
if (r2.gt.r1) then

conform_hz (accessk,hzcount) = floor(z1-0.5) if (temp_hz(int(z1-0.5),i+1).eq.NO) then
conform_hz(accessi,hzcount) = i ¢ if {on_pec(int(z1-0.5),i+1,ephif)) then
conform_hz(accesst,hzcount) = EQZERC_HZ hrcount = hrcount + 1
220 continue conform_hr(accessk,hrcount) = int(z1-0.5)
end if conform_hr(mccessi, hrcount) = i + 1

conform_hr(accesst, hrcount)} = SRIGHT_HR

193
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conform_hr_length(hrcount) = 1.0
temp_hz (int (z1-0.8),i+1) = YES

end if

else

if (temp_hz(int(z1+0.5),i+1).eq.NO) then
hrcount = hrcount + 1
conform_hr{accessk, hrcount) = int{z1+0.5)
conform_hr{accessi, hrcount) = i + 1
conform_hr{accesst hrcount) = SLEFT_HR
conform_hr_length(hrcount) = 1.0

temp_hz (int (z140.5),i+1) = YES

end if
end if
end if
320 continue
else
Cresrerrsses Horizontal line
if (temp_hz(k,round(r2)+1).eq.N0} then
hrcount = hrcount + 1
conform_hr(accessk,hrcount) = k
conform_hr(accessi,hrcount) = round(r2) + 1
conform_hr(accasst ,hrcount) = EQZERO_HR
conform_hr_length(hrcount) = -1000
temp_hz(k,round(r2)+1) = YES
end if
end if
else
Cassx%+  All other slopes
do 310 i = floor(min(r1,r2)}),floor(max(rl,r2))+1
if (i.ge.min(r1,r2).AND.i.le . max(r1,r2)) then
[ T T Y Calculate the k point of intersection.
slopae = (r2-r1+0.0)}/(z2-21+0.0)
ze = (i-r2)/slops + z2
if (slope.gt.(0.0)) then
if (k.gt.ze) then
if (temp_hz(k-1,i+1).8q.N0) then
hrcount = hrcount + 1
conform_hr(mccessk, hrcount) = k - 1
conform_hr(accessi,hrcount) =i + 1
conform_hr(accesst ,hrcount) = SRIGHT_HR_DC
lenl = ze - {k-1.5)
errorcode = 901
it {leni.1t.{1.0).0R.lenl.gt.{2.0)) go to 980
conform_hr_longth(hrcount) = leni
if (.not.inside_pec(k-1,i+1,ephif)) then
ephi_conformi{x-1,i+1) = YES
ephicount = ephicount + 1
conform_ephi(accessk,ephicount) = k-1
conform_ephi(accessi,ephicount) = i+l
conform_ephi(accesst,ephicount) = hrcount
else
c print *, k-1,i+1
end if
temp_hz{k-1,i+1) = YES
end if
else
if (temp_hz(X,i+1).eq.N0O) then
hrcount = hreount + 1
conform_hr{accessk,hrcount) = k
conform_hr(accessi,hrcount) = i + 1
conform_hr (accesst ,hrcount) = SRIGHT_HR_IC
lenl = ze - (k-0.5)
exrrorcode = 9§02
if (len1.1t.(0.0).0R.lenl.gt.(1.0)) go to 980
conform_hr_length(hrcount) = leni
if (.not.inside_pec(k-1,i+1,ephif) .AND.
1 (inside_pec(k,i+1,hrf).0R.inside_pec
2 (k-1,i,hz£))) then
ephi_conformi(k-1,i+1) = YES
ephicount = ephicount + 1
conform_ephi(accessk,ephicount) = k-1
conform_sphi(accessi,ephicount) = i+1
conform_ephi(accesst,ephicount) = hrcount
else
c print »,Xk,i+1
end if
temp_hz(k,i+1) = YES
end if
end if
else
it (ze.gt.k) then
if (temp_hz(k+1,i+1).eq.N0) then
hrcount = hrcount + 1
conform_hr{accessk,hrcount) = k + 1
conform_hr(acceszi,hrcount) =i + 1
conform_hr{accesst,hrcount) = SLEFT_HR_DC

lenl = (k+1.5) - ze

errorcode = 1032

if (lenl.1t.(1.0).0R.1len1.gt.(2.0)) go to 980
conform_hr_length(hrcount) = lenl

310

300

Cosn

360
350

caonaao6

D bW N R

if (.not.insids_pec(k,i+1,ephif)) then
aphi_conformi(k,i+t) = YE§
ephicount = ephicount + 1
conform_ephi(accessk,ephicount) = k

conform_sephi(accessi,ephicount) = i+1
conform_ephi(accesst,ephicount) = hrcount
end if
temp_hz(k+1,i+1) = YES
end if
else
if (temp_hz(k,i+1).eq.NO) then
hrcount = hrcount + 1
conform_hr(accessk,hrcount) = k
conform_hr(accessi,hrcount) = i + 1
conform_hr(accesst,hrcount) = SLEFT_HR_IC
lenl = (k+0.5) - ze
errorcode = 1033

if (leni.1t.(0.0).OR.lenl.gt.(1.0}) go to 980

conform_hr_length(hrcount) = leni

if (.not.inside_pec(k,i+1,ephif)) then
ephi_conformi(k,i+t) = YES
ephicount = ephicount + 1
conform_sphi(accessk,sphicount) = X

conform_ephi{accessi,ephicount) = i+l
conform_ophi(accesst,sphicount) = hrcount

end if

temp_hz(k,i+1) = YES

end if
end if
end if
end if
continue
end if
continue

Write out hr conformal grid information.

do 350 k = 1,mz

do 360 i = 1,mr

conform_hri(k,i) = 0
continue
continue
ilen = index{dbase,’ ') - 1

write{(frmt,’{a2,id,ad4)’)

’{(a’,ilen,’,a8)’

write(filnam,frmt)dbase,’/cghr.dat?’

opan(unit:lo,filo=ti1nnm,status=’unknovn',torm=’tormattsd’)

do 4000 index1 = 1,hrcount

DWW N

write{10,#*) conform_hr(accessk,indexl}, conform_hr{accessi,
index1}, conform_hr(accesat,index1)}, conform_hr_length
(index1)

if (conform_hr(accesst,indexl).eq.SRIGHT HR.OR.conform_ hr
(accesst,index1).eq.SLEFT_HR.OR.conform_hr(accesst,
index1).eq.EQZERO_HR.QR.conform_hr(accesst,index1).eq
.SLEFT_HR_IC.OR.conform_hr{accesst,indexl).eq.
SRIGHT HR_IC.DR.conform_hr{accesst,index1).eq
.SLEFT_HR_DC.DR.conform_hr{accesst,indexl).eq.
SRIGHT_HR_DC) then

it (conform_hr(accesst,index1).eq.SRIGHT_HR.OR.conform_hxr
(accesst,index1).eq.SLEFT_HR.OR.conform_hr{accesst,
index1).eq.SLEFT_HR_IC.OR.conform_hr(accesst,indexl)}.eq.
SRIGHT_HR_IC.OR.conform_hr{accesst,indexl).eq
.SLEFT_HR_DC.OR.conform_hr(accesst,index1).eq.
SRIGHT_HR_DC) then

conform_hri(conform_hr(accessk,indexl),conform_hr(
accessi,indexl)) = 1
end if

4000 continue

4600
4600
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close(unit=10)

ilen =
write (frmt,’(a2,i4,ud)?)

') -1
*(a’,ilen,?,a9)’

index(dbase,’

write(filnam,frmt)dbase,’/ephi.dat’

open(unit=10,file=filnam, status="unknown’,form=’formatted’)
do 4500 k=1,mz

do 4600 i=1,mr
if (ephi_contorml(k,i).eq.YES) write(10,*) k,i
continue

continue
close(unit=10)

ilen = index(dbass,’

) -1
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write(frmt,’(a2,i4,85)’) ’{a’,ilen,’,a10)’ else
write(filnam,frmt)dbase, ’/cephi.dat’ it (x1.eq.x2.AND.x2.eq.x3) then
if (y2.gt.0) then
open{unit=10,file=filnam,status='unknown’,form='formatted’) er(x2,y2) = 0.0
do 4505 k=1,ephicount if (time.eq.1) write(i,*) x2, y2
write(10,*) conform_ephi{accessk,k),conform_ephi(accessi,k), end if
1 conform_hr(accesst,conform_ephi(accasst,k)), else
1 conform_hr_length(conform_ephi(accesst,k)) if (x1.eq.x2) them
4505 continue if (y1.gt.y2) then
close(unit=10) if (y2.gt.0) then
er(x2,y2) = 0.0
ilen = index(dbase,’ ) - 1 if (time.eq.1) write(1,*) x2, y2
write(frmt,'(a2,i4,a6)’) ’(a’,ilen,’,ai()’ end if
write(filnam,frmt)dbase,’/zerof.dat’ end if
else
if (hrcount.gt.MAXGP) then if (x2.eq.x3) then
print *,’not enough memory for hrcount=’,hrcount if (y2.gt.y3) then
snough_memory = .FALSE. if (y2.gt.0) then
end if ez(x2,y2) = 0.0
if (hzcount.gt.MAXCP) then if (time.eq.1) write(3,*) x2, y2
print *,’not enough memory for hzcount’, hzcount end if
enough_memory = .FALSE. slse
end if if (y2.gt.0) then
if (ephicount.gt.MAXCP) then ez(x2,y2) = 0.0
print *,’not enough memory for ephicount’,ephicount if (time.eq.1) write(3,*) x2, y2
enough_memory = .FALSE. er(x2,y2) = 0.0
end if it (time.eq.1) write(1,*) x2, y2
if (listcount.gt.MAXCP) then end if
print #*,’'not enough memory for listcount’,listcount end if
enough_memory = .FALSE. else
end if < print *,’error at indexl =’, index1
end if
c*#*¥* dummy statement to jump to if staircase only end if
1200 k=k end if
end if
return end if

10  continue
980 print *, ’Error ’, errorcode, ’ in reading BOR INPUT at ’

print %, k, i, ZBa(i), RBa(i), ZBa(i+1), RBa(i+l1) c if (staircase(aci,staircount).gt.0) then
c exr(staircase{ack,staircount),staircase{aci,staircount)) = 0.0
c stop c if (time.eq.1) write(1,*) staircase(ack,staircount),
end c 1 staircase (aci,staircount)
< end if
c L
Chadasnanrbnsnks Enforce Stair Case Boundary Cond  ssxassxvsxssss if (time.eq.1) then
G saane L] close(unit=1}
close{unit=3)
subroutine staircase_approx end if
implicit nons return
include ’common.f’ end
integer indexl, x1, x2, x3, y1, y2, y3, ilen
< character*72 dbass c bbbk dd
character filnam#1024, frmt«30 CHEERREEERREREER RS Enforce Boundary Conditions HHEEEEREDRASRER RN
C: L xey .-

if (time.eq.1) then
ilen = index{dbase,’ ') - 1 subroutine boundary_conditions(m,ms)
write(frmt,’(a2,i4,a4)’) ’'{(a’,ilen,’,a7)?
implicit mone

write(filnam,frmt)dbase,’/er.dat’ include ’common.f’
open(unit=1,file=filnam,status=’'unknown’,form='formatted’) integer i, k, indexl, typels, m, ms, typel
real lenl, len2, area, ez_top, ez _bot, er_rt, er_lt, ci, c2, ¢3
write(filnam,frmt)dbass,’/ez.dat’ character type
open(unit=3,file=filnam,status=’'unknown’,form=’formatted’) integer borezt, borezb, borerl, borerr
end if logical borw_direc_rightQ

do 20 indexl = 2,staircount

it (staircase{aci,index1).gt.0) ephi{staircase(eck,index1), do 41 indexi = 1,hzcount
1 staircase(aci,index1)) = 0.0 k=conform_hz(accessk,index1)
20  continue i=conform_hz(accessi,index1)
typel=conform_hz(accesst,indexl)
er(staircase(ack,2),staircase(aci,2)) = 0.0 leni=dz#conform_hz_length(index1)

if (time.eq.1) write(1,*) staircase(ack,2), staircase{aci,2)
it (typel.eq.STRETCH_HZ.OR.typel.eq.SC_HZ) then
er(staircase(ack,3),staircase(aci,3)) = 0.0

if (time.eq.1) write(1,*) staircase(ack,3), staircase{aci,3) el = {i+0.0)edz*dt/mu
¢2 = lenl®dz#*(i+0.0)-0.5%1len1%lant
do 10 indexl = 3,staircount-1 c3 = lenlsm*dt/mu
x1 = staircase(ack,indexi)
y1 = staircase(aci,index1) c#* see if ephi needs to be interpolated.
x2 = staircase(ack,indexi+1) if (lenl.gt.(dz-dz/5)) then
¥2 = staircase(aci,index1+1) ephi(k,i} = ephi(k,i+1)#»(len1-1.0+dz)/lenl
x3 = staircase(ack,index1+2) end if
¥3 = staircaze(aci,index1+2)}
end if
if (y2.gt.0) then a1 continue
if (yi.eq.y2.iND.y2.eq.y3) then
if (y2.gt.0) then
ez{x2,y2) = 0.0 Cxs Do the calculations for the interpolated ephi fields.
if (time.eq.1) write(3,+) x2, y2
end if do 40 indexl = I,ephicount
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k = conform_ephi(accessk,index1)
i = conform_ephi(accessi,indexi)
lenl = conform_hr_length{conform_ephi(accesst,indexl))
typels = conform_hr({accesst,conform_sphi{accesst,index1))
if (lenl.gt.(2.0).0R.1len1.1t.(0.0)) then

print *,’error, in len for interpolating ephi’

stop
end if

if (typels.eq.SRIGET_BR_DC) then
ephi(k,i) = ephi(k-1,i)}*(1.0/(len1))*(lenl-1.0)
end if

if (typels.eq.SRIGHT_HR_IC) then
ephi(k,i) = ephi(k-1,i)*{lenl/(leni+1.0})
end if

if (typels.eq.SLEFT_HR_DC) then
ephi(k,i) = ephi(k+1,i)*(1.0/(1en1))*(len1-1.0)
end if

if (typels.eq.SLEFT_HR_IC) then
ephi(k,i) = ephi(k+1,i)*(len1/(leni+1.0))
end if

if (typels.ne.SLEFT_HR_DC.AND.typels.ne.SRIGHT_HR_DC.AND.
typels.ne.SLEFT_HR_IC.AND.SRIGHT_BR_IC) then
print #*,’error in typing conformal ephi cell’
stop
end if

continue

Implement boundary conditions for hphi term.

do 10 indexl = 1,listcount

k = int{conform_list{ack,index1))}

i = int{conform_list(aci,index1))
type = char(int(conform_list(actype,index1)+64))
lent = dz*conform_list(acli,indexl)
len2 = dz*conform_list(acl2,indexi)
area = dzsdz*conform_list{acA,indexl)
typels = conform_list{acz,index1)
borezt = borrow_list(ezt,indexl)
borezb = borrow_list(ezb,indexi)
borerl = borrow_list(erl,indexl)
borerr = borrow_list(err,indexl)

borw_direc_rightQ = typs.eq.’C’.0R.type.eq.’'F’.0R.type.eq.’l’

OR.type.eq.’J’ .OR.type.eq.'L’ .OR.type.eq. P’ .OR.type.
eq.’Q’.0OR.typs.eq. R’
print #, borw_direc_rightQ, ' ’, type

if (borezt.ne.NO) then
if (borezt.eq.YES_RIGHT) then
oz_top = ez(k+1,i+1)

else
ez_top = ez{k-1,i+1)
end if
else
oz_top = ez(k,i+l)
end if

if (borezb.ne.ND)} then
if (borezb.eq.YES_RIGHT) then
ez_bot = ez(k+1,i)

elze
ez_bot = ez{k-1,i)
ond if
else
ez_bot = az(k,i)
end if

if (borerr.eq.YES) then
or_rt = er(k,i+1)
else
er_rt = er(k,i)
end if
er(k,i) = er_rt

if (borerl.eq.YES) then
er_lt = er(k-1,i+1)
else
er_1t = er(k-1,i)
snd if

if (type.eq.’A’.DR.type.eq.’N’) then
ez_top = lenltez_top

ez_bot = len2*ez_bot
er_lt = dz*er_1t
er_rt = 0

end if

if (type.eq.’B’}) then
ez_top = dzeez_top
ez_dbot = 0
er_lt = lenl*er 1t
er_rt = len2#er_rt
end if

if (type.eq.’C’.OR.type.eq.’P’) then
ez_top = leni%ez_top
ez_bot = lan2*az_bot

er 1t = 0
er_rt = dz*er_rt
end if

if (type.eq.’D’.AND.abs{typels+999}.1t.tole} then
ez_top = leni#sz_top
az_bot = len2#%ez_bot
er_lt = dz*er_lt
er_ rt = 0
end if

if (type.eq.’'D’.AND.abs(typels+1001).1t.tole) then
ar_rt = lenlser_rt
ez_bot = len2*ez_bot
8z_top = dz*ez_top
er_lt = dz*er_lt
end if

if (type.eq.’F’.AND.abs(typels+999).1t.tole) then
ez_top = lenl*ez_top
eZ_bot = len2*ez bot

er_ 1t = 0
er_rt = dzter_rt
end if

if (type.eg.’F’.AND.abs(typels+1001).1t.tole)} then
er_lt = leni®er_1t
ez_bot = len2+*ez_bot
ez _top = dz*ez_top
er rt = dzser_rt
and if

if (type.eq.’H’.OR.type.eq.’E’) then
or_1lt = lenlser_lt
er_rt = len2ser_xt
ez_top = dz*ez_top
ez _bot = 0O
end if

if (type.eq.’G’) then
ez_bot = len2#*ez_bot
ez_top = lenl*ez_top
or_1% = dz*er 1t
er_rt = 0

end if

if (type.eq.’I’) then
az_bot = len2sez_bot
ez_top = lenixez_top
or_rt = dz*er_rt
er_ 1t = 0

end if

it (type.eq.’J!.0R.type.eq.’L’) then
ez_top = lenisez_top

ez_bot = O
er_rt = len2#er_rt
er_lt = 0

end if

if (type.eq.’K’.OR.type.eq.’M’} then
ez_top = lenlsez_top

ez _bot = O

er_rt = 0

er_1lt = len2+er_lt
end if

it (type.eq.’0’) then
ez_top = dz%ez_top
0z_bot = dz*ez_bot
er_lt = leni*er_ 1t
ar_rt = 0

end if

if (type.eq.’Q’) then

ez_top = dzwez_top
ez_bot = dz*ez_bot
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er_rt = leniser_rt
er_1t = O
end if

if {type.sq.’R’) then
ez_top = dz*ez_top

ez_bot = 0

er_ 1t = ¢

er_rt = lenli%er_rt
end if

if (type.eq.’S’) then
ez_top = dzvez_top
ez_bot = 0
er_lt = leni*er_lt
er_rt = 0

end if

hphi(k,i) = hphi(k,i) + eta*{(dt/(mu*area))*({ez_top-ez_bot)+
1 {er_lt-er_rt))})

ez(k,i+l) = ez_top
ez(k,i) = ez_bot
er(k-1,i) = er_lt

10 continue

C Hz field b

dary conditions s#xsssssshsskrasas

do 20 indexi = 1,hzcount
k=conform_hz(accessk,index1)
i=conform_hz(accessi,indexl)
typel=conform_hz(accesst,index1)
leni=dzeconform_hz_length(index1)

it (typel.eq.EQZERO_HZ) then
print %,’settting to zero'’,k,i
ar(k,i) = 0.0
ephi(x,i) = 0.0
hz(k,i} = 0.0

end if

a6 06000

if (typel.eq.STRETCH_HZ.OR.typel.eq.SC_HZ) then

ci = (i+0.0)*dz*dt/mu
¢2 = leni*dz*(i+0.0)-0.5*1leni*lenl
¢3 = lenlwm*dt/mu

hz(k,i) = hz(k,i)-eta®((c1/c2)*ephi(k,i+l1)-
1 ms*(¢3/c2)*er(k,i))

end if
20 continue
Cesssnusse Hr field boundary conditions #xsssssxsss
do 30 indexl = 1,hrcount
k = conform_hr{accessk,index1)

i = conform_hr(accessi,index1)

typc1=contorm_hr(nccasst,indaxl)
leni=dz*conform_hr_length(index1)

c if (typel.eq.EQZERD_HR} then
c print »,’gettting to zero’, k,i
< hr(k,i} = 0.0
< end if
if (typei.eq.SRIGHT_HR_IC.DR.typol.eq.SRIGHT_BR_DC.DR.
1 typel.eq.SRIGHT_HR)} then
if (i.ne.1) then
¢l = (medt/mu)/((i-1.0)*dz)
¢2 = dt/(mu*lenl)
hr(k,i) = hr(k,i) + etas(-msscisez(k,i) - c2%ephi(k-1,i})
else
¢ print *.Xk,i

if (m.eq.1) then
cl = (m*dt)/(musdz)
c2 = dt/(mu*leni}

hr(kx,i) = hr(k,i) + stas(-msscisez(k,i+1) -

1 c2%ephi (k-1,1))
else
hrik,i) = 0.0
end if
end if
end if
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if (typel.eq.SLEFT_HR_IC.OR.typel.aq.SLEFT_HR_DC.OR.
1 typel.eq.SLEFT_HR) then
if (i.ne.1) then
cl = (m*dt/mu)/((i-1.0)=dz)
c2 = dt/(mu+leni)

hr(k,i) = hr(k,i) + eta*(-ms*ci*ez(k,i} + c2%ephi(k,i))
elge
if (m.eq.1) then
cl = (medt)/(musdz)
€2 = dt/(muslenl)
hr{k,i) = hr(k,i} + eta*(-mas*civez{k,i+1) +

1 c2*ephi(k,i))
else
hr(k,i) = 0.0
end if
end if
end if

30 continus

Teturn
end
PRI
¢ SETUP_STAIRCASE setups all the parameters nesded to run the simulation
< including a staircasing algorithm for representing the target.

SUBRQUTINE setup_staircase

implicit none
include ‘common.f’

real xstair{1:MAX_STAIR_NODES),
1 ystair(1:MAX_STAIR_NODES), index, xcomp, ycomp,
1 dx, dy

real zstep, radius
integer xdir, ydir, xi, x2, yl1, y2, round, defaults

real max_x_node, max_y_node, min_x_node, min_y_node,
1 slope, offset, dist_to_line, xnodes (1:MAX_NODES),
2 ynodes{1:MAX_NODES), delta, current_x, current_y

write(6,%) ’'Setting up geomstry...’

write(6,’(?’shccopt spacing defaults [Y=1,N=2]: ’’,$)’)
read(5,+) defaults

if (defaults.eq.1) then
xtot_sp=10
ytot_sp=10

xscat_sp=15
yscat_sp=16

xhuy_sp=2
yhuy_sp=2

xall_sp = xtot_sp+xscat_sp
yall_sp = ytot_sptyscat_sp

else
write(6,’ (" **Enter xtot_sp [10]: ’’,$)?)
read(5,*) xtot_sp
write(8,’ (' ?sEnter ytot_sp [101: ’’,8)?)
read(5,*) ytot_sp

write(8,’('’sEnter xscat_sp [15]: ’’,§)’)
read(5,*) xscat_sp
write(6,’(’’*Enter yscat_sp [15]): ’’.$)’)
read(5,*) yscat_sp

write(6,’ (" ’sEnter xhuy_sp [2]: ’’,$)?)
read(5,*) xhuy_sp
write(6,’ (' ’*Enter yhuy_sp [2]: ‘’,$)*)
read(5,*) yhuy_sp
xall_sp = xtot_sp+xscat_sp
yall_sp = ytot_sp+yscat_sp

end if

errorcount = 0

c#*»* Read geometry file in.

open{unit=10,file=fnamein,status=’unknown’,form=’formatted’)

read(10,*) dz
delta = dz



10
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read(10,+) total_nodes
NP = total_nodes

if (NP.gt.0) then

if (total_nodes.gt.MAX_NODES) then
exrrorcount = errorcount+l
exrors(errorcount) = NODE_ERROR
call memory_check

end if

do 10 index=1,total_nodes
read(10,*) xnodes(index), ynodes(indsx}
continue
do 15 index=1,total_nodes
read{10,*) xnodes(index)
continue

else

c**dsrobject is a sphere

341

Crane

20

c
30

chuses

500

crerw

read(10,*) radius
radius = dz*round(radius/dz)

NP =0
do 341 zstep = 0.0,2#¢radius+dz/2,dz
NP = NP+1

xnodes (NP) = zstep
ynode=(NP) = sqrt(radius**2.0-(zstep-radins)*»2.0)
continue
total_nodes = NP
end if

close(unit=10)
Scale, position, and round object

max_x_node = xnodes(1)/delta
max_y_node = ynodes(1)/delta
min_x_node = xnodes(1)/delta
min_y_node = ynodes(1)/delta

do 20 index=1,total_nodes
xnodes(index) = xnodes(index)/delta
if (xnodes{index).gt.max_x_nods) max_x_node=xnodes(index)
if (xnodesz{index).lt.min_x_node) min_x_nods=xnodes{indax)
ynodes(index) = ynodes(index)/delta
print *,xnodes{index),ynodes(index)
if (ynodes{index).gt.max_y_node) max_y_node=ynodes(index)
if (ynodes(index).lt.min_y_node) min_y_node=ynodes(index)
continue

maxz = round(2.0*xall_sp + max_x_node - min_x_node)
maxr = round(yall_sp + max_y_node - min_y_node)

len = delta*(max_x_node - min_x_node)

obj_height = delta*(max_y_node - min_y_node)

if (maxz.gt.MAX_Z_CELLS) then
errorcount = errorcount + 1
errors{errorcount) = MAX_Z_ERROR
end if

if (maxr.gt.MAX_R_CELLS) then

errorcount = errorcount+l
errors(errorcount) = MAX_R_ERROR
end if

do 30 index=1,total_ncdes

print *,xnodes(index),ynodes(index), min_x_node, min_y_node,

xall_sp

xnodes(index) = round(xnodes(index) - min_x_node)+xall_sp+0.5

ynodes(index) = round(ynodes(index) - min_y_node) + 1

print #*,xnodes{index),ynodes(index)

RB{index) = ynodes(index)

ZB(index) = xnodss(index)

print »,xnodes{index),ynodes(index),
continue

ZB(index), RB(index)

Estimate total number of staircase nodes needed.

dx = 0

dy = 0

do 500 index=1,total_nodes-1
dx = dx + int{abs(xnodes(index)-xnodes(index+1)))
dy = dy + int{abs(ynodes(index)-ynodes(index+1)))

continue

extra point needed for first point

dy=dy+1

if (2+(dx+dy)-1.gt.MAX_STAIR_NODES) then
stair_node_count = 2#+(dx+dy)-1i
errorcount = errorcount+l
errors{errorcount) = MAX_STAIR_ERRCOR
end if

c**+* define some corner points used for referencing

x1=50-5

yi=t

x2=maxz-x1

y2=int (max_y_node)+5

if ((2#(y2-y1)+(x2-x1)+1).gt .MAX_RCS_NODES) then
errorcount = errorcount+i
errors{errorcount) = MAX_RCS_ERROR

end if

call memory_check

c4#*+4 Generate a staircase model by digitizing each line segment.

stair_node_count = 1
xstair({stair_node_count) = xnodes(1)
yestair{stair_node_count) = ynodes(1)

do 40 index=1,total _nodes-1

slope = (ynodes{index+1)-ynodes(index))/(xnodes(index+1)~

1 xnodes (indax))
offset = ynodes(index)-slope*(xnodes(index))

current_x = xnodes{index}
current_y = ynodes(index)

100 stair_node_count = stair_node_count

if (abs{current_x-xnodes(index+1)).gt.tole.OR.
1 abs (current_y-ynodes(index+1)).gt.tcle) then

xcomp = xnodes(index+1)-current_x
ycomp = ynodes(index+1)-current_y

if (xcomp.ne.0) then

xdir = int{abs(xcomp)/xcomp)
else

xdir = 0
end if
if (ycomp.ne.0) then

ydir = int(abs(ycomp)/ycomp)
else

ydir = 0
end if

if (stair_node_count.eq.1) then
ydir = 1
xdir = 0

end if

stair_node_count = stair_node_count + 1

if (xdir.ne.0.AND.ydir.ne.0) then

if (dist_to_line(-slope,1.0,offset,real(current_x+xdir),
real(current_y)).lt.dist_to_line(-slope,1.0,o0ffset,
2 real(current_x),real(current_y+ydir))}) then

-

xstair(stair_node_count) = current_x+xdir

y:tnir(utuir_nod-_count) = current_y
current_x = current_x+xdir

else
xstair(stair_node_count) = current_x

ystair(stair_node_count) = current_y+ydir
current_y = current_y+ydir
end if
alse
xstair(stair_node_count) = current_x+¢xdir
ystair(stair_node_count) = current_y+ydir
current_x = current_x+xdir
current_y = current_y+ydir

end if
goto 100
end if

40  continue

if ((dx+dy) .ne.stair_node_count) then

write(6,*) ’estimate = 7, dx+dy
write(6,*) ’actual = ', stair_node_count
end if

c##s¥ print out raw stair case model.
c opnn(unit=10,file=’rawscair‘dnt’,stntus=’unknown’,
c 1 form='formatted’)

c do 1001 index=1,stair_nmode_count

c write(10,*) xstair{index), ystair(index)

c 1001 continue

[ close(unit=10)

cosws now figure out which fields to set to zexo.

c print #,’stair_node_count = ’,stair_node_count
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staircount = 1
do 90 index = 1,stair_node_count-1

xcomp = xstair{index+1)-xstair(index)

yeomp = ystair(index+1)-ystair(index)

if (ycomp.gt.0.AND.xcomp.lt.tole) then
stair_zero(staircount,1) = int(xstair(index})
stair_zero(staircount,2) = int(ystair(index))
stair_zero(staircount,3) = ephif
staircount = staircount+i
stair_zero(staircount,1) int (xstair(index))
stair_zero(staircount,2) = int(ystair(index))
stair_zero(staircount,3) = erf
staircount = staircount+i

else if (ycomp.1t.0.AND.xcomp.lt.tole) then
stair_zero(staircount,1) = int(xstair{index))
stair_zero(staircount,2) = int(ystair(index))
stair_zero(staircount,3) aphif
staircount = staircount+i
stair_zero(staircount,1) int (xstair{index))
stair_zero{staircount,2) = int(ystair(index))-1
stair_zero(staircount,3) = erf
staircount = staircount+i

else if (xcomp.gt.0.AND.ycomp.lt.tole) then

"

stair_zero(staircount,1l) = int(xstair{index))
stair_zero(staircount,2) = int(ystair(index))
ztair_zero(staircount,3) = ephif

staircount = staircount+1
stair_zero(staircount,1) = int(xstair{index))+1
stair_zero(staircount,2) = int(ystair{index))
stair_zero(staircount,3) = ezf
staircount = staircount+l

else if (xcomp.lt.0.AND.ycomp.lt.tole) then
stair_zero(staircount,1) int (xstair(index))
stair_zero(staircount,2) = int(ystair(index))
stair_zero(staircount,3) = ephif

staircount = staircount+i
stair_zero(staircount,1) = int(xstair{index))
stair_zero(staircount,2) int (ystair(index))
stair_zero(staircount,3) srf
staircount = staircount+1

else
print *,’error in determing staircase type. ’
print *,’ (z,x) = ', stair_zero(index,1),

2 stair_zero(index,2}, index, xcomp, ycomp

stair_zero(index,3) = ephif
pause

end if

90 continue
cr*** Complete the last zero field
stair_zesro(staircount,1) = int(xstair(stair_node_count))

stair_zero{staircount,2) = int(ystair{stair_node_count))
stair_zero(staircount,3) = ephif
stair_node_count = staircount

c print *,staircount

cr*¥+ Write out staircase model.
open(unit=10,file='stairnew.dat’,status=’unknown’,
1 form='formatted’)

do 1000 index=1,stair_node_count
write(10,*) stair_zero(index,1), stair_zero(index,2),
1 stair_zero(index,3)
1000 continus
close(unit=10)

RETURN
END

¢ STAIR_BOUNDARY_CONDITIONS sets all the appropriate fields in the

[ staircase model to zero.

SUBROUTINE stmir_boundary_conditions

implicit none
include ’common.f’

integer index

< print +,’calling stair_boundary...’,stair_node_count
do 10 index = 3,stair_node_count
if (stair_zero(index,3).eq.szf) then
ez(stair_zero(index,1),stair_zero{index,2)) = 0.0
else if (stair_zero(index,3).eq.ephif) then
ephi(stair_zero(index,1),stair_zero(index,2)) = 0.0
else if {stair_zero(index,3).eq.erf) then
or(stair_zero(index,1),stair_zero(index,2)) = 0.0
elsa
print , ’unknown stair_zero type’
print =, stair_zero(index,1),stair_zero(index,2),
1 stair_zero{index,3)
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pause
end if
continue

RETURN
END

L ELETE L] ex

< REAL FUNCTION DIST _TQ_LINE returns the perpsndicular distance from a
c point in space (x,y) tc a line that is of the form Ax+By=C

T AEREREERERBERRARRRSASRRIBARA RS RN RAR
REAL PFUNCTION dist_to_line(A,B,C,x,y)

implicit none
real A,B,C,x,y

dist_to_line = abs((A*x+Bs»y-C)/sqrt(A»*2.0 + B*+2.0))

RETURN
END
LT h A
c setups cells for scattered/total field calculations. <
¢ see picture in notes for numbering scheme. <

o0 a0
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LR E LT AT T LAY

subroutine setup_scat

implicit none
include ’common.f?

integer k,i,x1,y1,x2,y2
real mxr

mxr=RB (1)
do 15 i=1,NP

if (RB(i).gt.mxr) mxr=RB(i)
continue

mxr=int (obj_height/dz)

c#s*¥rgcat/tot rcs box region definers

20
10

30

40

50

60

70

x1 = xscat_sp

yi=1

x2=maxz-x1
y2=int (mxr) +ytot_sp
mheight = y2+yhuy_sp
rcszl=x1-xhuy_sp
resz2=x2+xhuy_sp

do 10 k=1,maxz
do 20 i=1,maxxr
scattot(k,i)=15
continue
continne

scattot (x1,y1)=2
scattot (x2,y1)=8
scattot (x1,y2)=4
scattot (x2,y2)=6

i=y1

do 30 k=xi+1,x2-1
scattot(k,i)=9

continue

i=y2

do 40 k=x1+1,x2-1
scattot (X,i)=5

continue

k=x1

do B0 i=yi+1,y2-1
scattot(k,i)=3

continne

k=x2

do 60 i=yi+1i,y2-1
scattot (k,i)=7

continue

k=x1-1

do 70 i=yi,y2
scattot(k,i)=1

continue

k=x2+1
do 80 i=y1,y2
scattot(k,i)=12
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80 continue

i=y2+1
do 90 k=x1,x2
scattot (k,i)=11
90 continue

do 100 k=x1+1,x2-1
do 110 i=y1+1,y2-1
scattot(k,i)=14
110 continue
100 continue

raturn
end

The following, pml.f, contains the subrou-
tines for implementing the BOR FD-TD PML
absorbing boundary condition.

COTREREEERENRNE R EER A RSB AR RR R RN AR EERNEEAR R R AR RS RS AR N AR R A R R RS

¢ PML Equations: right, left, top c
LELE 2 EEEXBXEXAZAREEARE R EDRARR R R RS
¢ E fields c

LTI T T Y
subroutine pmlEegn(m,ms)

implicit none
include ’common.f’

integer k,i,m,axis,ms
real cl1,¢2,c3,¢4,c5,c6
real sigma_r,sigma_z

axis=1
C ssxsasesssasasCalculate Erz field LT
c real region interface

ci=dt/(aps*dz)
do 10 i=1,pmldepth
do 20 k=1,maxz-1

C »+=«CENTER TOP REGION
erzt (k,i)=erzt(k,i)+(1/eta)* (ci»(hphizt(k,i)+hphirt(k,i)
1 ~hphizt (k+1,1)-hphirt (k+1,4)))
20 continue

orzt (maxz,i)=erzt (maxz,i)+(1/eta)*(c1* (hphizt (maxz,i)+hphirt
1 (maxz,i)-hphizr(1,i+maxr)-hphirr(1, i+maxr)))
10  continue

do 30 i=1,pmldepth+maxr
do 40 k=1,pmldepth
sigma_z=sigma_max*{(k+0.0)/pmldepth)*»2.0
cl=exp(-sigma_zedt/eps)
c2=(c1-1.0)/(sigma_z*dz)

[ Right Sid
erzr(k,i)=clverzr(k,i)+(1/eta)*(-c2#*(hphizr(k,i)+hphirr
1 (k,i)-hphizr(k+1,i)-hphirr(k+1,3i)))
c eft Sid reminder:k=right .left=pmldepth.1

if (k.eq.1) THEN
it (i.gt.maxr) THEN
c3=hphizt {1,i-maxr)+hphirt (1, i-maxr)

ELSE
¢3=hphi(1,i)
END IF
erzl(k,i)=ciserzl(k,i)+(1/eta)*{-c2#(hphizl(k,i)+hphirl
1 {x,i)-¢3))
ELSE
erzl(k,i)=ci*erzl(k,i)+(1/eta)*(-c2+%(hphizl(k,i)+hphirl
1 (k,i)-hphizl (x-1,i)-hphirl(x-1,1)))
END IF
40 continue

30 continue

C sssanxsxnsssersCalculate Erxrphi field:
C +++»CENTER BOTTOM & TOP REGIONS

do 41 k=1,maxz
do 42 i=1,pmldepth
c4=(m*dt/eps)/((i+0.5-1.0+maxr)*dz)
erphit(k,i)=erphit(k,i)-(1.0/eta)*(c4*(hzrt(k,i)+
1 hzphit(x,i)))
42 continue
41 continue

C *+++RIGHT & LEFT SIDES

do 46 k=1,pmldepth
do 47 i=1,pmldepth+maxr
c4=(mrdt/eps)/((i+0.5-1.0)*dz)
srphil (k,i)=erphil(k,i}~{(c4*(hzrl(k,i)+hzphil(k,i})}/eta
erphir(k,i)=erphir(k,i)-(c4*(hzrr(k,i)+hzphir(k,i}))/eta
47 continue
46  continue

C #xxssssssvsxsxCalculate Ephiz fields *c
C ++++CENTER BOTTOM & TOP REGIONS

ci=dt/(eps»dz)
do 50 i=1,pmldepth
do 60 k=1,maxz-1
ephizt(k,i)=ephizt(k,i)+(c1s(hrzt (k+1,i)+hrphit (k+1,i)-
1 hrzt(k,i)-hrphit(k,i)))/eta
60 continue

ephizt (maxz,i)=ephizt (maxz,i)+{c1*(hrzr(i,i+maxr)+hrphir
1 (1,i+maxr)-hrzt (k,i)-hrphit(k,i))}}/eta
50 continus

do 70 k=1,pmldepth
sigma_z=sigma_max#((k+0.0+0.5)/pmldepth)**2.0
cl=exp(-sigma_z+*dt/eps)
c2=(c1-1.0)/(sigma_z%dz)
c print *,’sigma_z’,ci,c2
do 80 i=1,pmldepthimaxr

¢ Right Sid
if {abs(m).ne.1.AND.i.eq.axis) THEN
ephizr(k,i)=0.0

ELSE
ephizr(k,i)=civephizr(k,i)-(c2#(hrzr(k+1,i)+hrphir
1 (k+1,i)-hrzr(k,i) -hrphir(k,i)))/eta
END IP
¢ eft Sid

if (k.eq.1) THEN
if (i.gt.maxr) THEN
¢3=hrzt(1,i-maxr)+hrphit(1,i-maxr)
ELSE
c3=hr(1,1i)
END IF

if (abs(m}.ne.1.AND.i.sq.axis) THEN
ephizl (k,i)=0.0
ELSE
ephizl(k,i)=cl%ephizl(k,i)-(c2*(c3-hrzl(k,i)-
1 hrphil(k,i)}))/eta
END IF

ELSE
if (abs(m).ne.1.AND.i.eq.axis) THEN
ephizl(k,i)=0.0
ELSE
ephizl(k,i)=ci*ephizl(k,i)-(c2¢(hrzl(k-1,i)+
1 hrphil{k-1,i)-hrz1{k,i)-hrphil(k,i)))/eta
END IF
END IF

80 continue
70  continue

C essessersrensvsCalculate Ephir fields
C s**2Sigma r region

do 90 i=1,pmldepth
sigma_r=sigma_max*{(i+0.0)/pmldepth}#++2.0
ci=sxp(-2igma_r+dt/eps)
c2=(c1-1.0)/{sigma_redz)

¢ top center region
do 100 k=1,maxz
if (i.eq.1) THEN
ephirt(k,i)=cisephirt(k,i)-(c2*(hz(k,maxr)-hzrt

1 (k,i)-hzphit(k,i)))/eta
ELSE
sphirt(k,i}=cisephirt(k,i)-(c2*(hzrt (k,i-1)+hzphit
1 (k,i-1)-hzrt(k,i)-hzphit (k,i)))/eta
END IF
100 continue

c right and left top regions
do 110 k=1,pmldepth
sphirr(k,i+maxr)=cisephirr(k,i+maxr)-(c2*(hzrr
1 (k,i-1+maxr)+hzphir(k,i-1+maxr)-hzrr(k,i+maxr)-
2 hzphir(k,i+maxr)))/eta
ephirl (k,i+maxr)}=ci*ephirl(k,i+maxr}-{(c2*(hzrl

200
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1 (k,i-1+maxr)+hzphil (k,i-1+maxr)-hzrl (k,i+maxr)-
2 hzphil(k,i+maxr)))/eta

110 continue

90 continue

C ##ssRight and Left Center Regicns (no sigmas!)

c5=dt/{eps*dz)
do 120 k=1,pmldepth
do 130 i=1,maxr
if (i.eq.1) THEN
c4=0.0
c3=0.0
ELSE
cd4=hzrr(k,i-1)+hzphir(k,i-1)
c3=hzrl(k,i-1)+hzphil(k,i-1)
END IF

if (i.eq.axis) THEN
if (abs(m).ne.1) THEN
ephirr(k,i)=0.0
ephirl(k,i)=0.0
ELSE
c6=2*dt/ (eps*dz)
ephirr(k,i)=ephirr(k,i)-(c6*(hzphir(k,i)+

1 hzrr(k,i)))}/eta
ephirl(k,i)=ephirl(k,i)-(c6x(hzphil(k,i)+
1 hzrl(k,i)))/eta
END IF
ELSE
eaphirr(k,i)=ephirr(k,i)+{(c5+*(c4-hzrr(k,i)-
1 hzphir(k,i)))/eta
ophirl(k,i)=ephirl(k,i)+(cb*(c3-hzrl(k,i)-
1 hzphil(k,i)})/eta
END IF
130 continue

120 continue

C #resssssxsessxsCalculate Ezr field
C s+ssCalculate TOP(right,left,center) REGIONS, ie sigma_r regions

do 140 i=1,pmldepth
sigma_r=sigma_max+*((i+0.0)/pmldepth)**2.0
cl=exp(-sigma_r*dt/eps)
c2=(c1~1.0)/(sigma_r*dz}/(i+maxr-1.0)

¢ middle region
do 150 k=1,maxz

if (i.aq. 1) THEN
ezrt(k,i)=cl*ezrt(k,i)-(c2/eta)*((i-0.5+maxr)»>

1 (hphizt (k,i)+hphirt(k,i))-(i-1.5+maxr) ¢hphi (k,maxr))
ELSE
ezrt(k,i)=cirezrt (k,i)-(c2/eta)*((i-0.5+maxr)*
1 (hphizt (k,i)+hphirt(k,i})-(itmaxr-1.5)%
2 (hphizt (k,i-1) +hphirt(k,i-1)))
END IF
160 continue

do 160 k=1,pmldepth
ezrl(k,itmaxr)=cirezrl(k,i+tmaxr)-{(c2/eta)*((i-0.5+maxr)s

1 (hphizl(k,i+maxr)+hphirl(k,i+maxr))-(i+maxr-1.5)*
2 (hphizl(k,i-1+maxr)+hphirl(k,i-1+maxr)))
szrr(k,i+maxr)=ci*ezrr(k,itmaxr)-(c2/eta)*((i-0.5+maxx)*
1 (hphizr(k,i+maxr) +hphirr(k,i+maxr))-(i+maxr-1.5)*
2 (hphizr(k,i-1+maxr) +hphirr(k,i-1+maxr)}))
160 continue

140 continue
C #»#esRight and Left Caenter Regions (no sigmaa!)
do 125 i=1,maxr

do 135 k=1,pmldepth
if {i.eq.axis) THEN
if (abs(m).eq.0) THEN
c4=4*dt/ (epasdz)
ezrl(k,i)=ezrl(k,i)+(c4/eta)»(hphirl(k,i)+hphizl(k,i))
ozrr(k,i)=ezrr{k,i)+(c4/eta)*(hphirr(k,i)+hphizr(k,i)}

ELSE
ezrl(k,i1)=0.0
ezrr(k,1)=0.0

END IF

ELSE

c5=dt*(i+0.5-1.0)/({(i+0.0-1.0)*dz*eps)

c6=dte(i-0.5-1.0)/((140.0-1.0)%dz*eps)

ezrl(k,i)=ezrl(k,i)+(c5/eta)*(hphirl(k,i)+kphiz1(k,i))
1 ~(c6/eta)*(hphirl(k,i-1)+hphizl(k,i-1))

201

ezrr(k,i)=ezrr(k,i)+{(c5/eta)* (hphirr(k,i)+hphizr(k,i))
1 -(c6/eta)*(hphirr(k,i-1) +hphizr(k,i-1))
END IF
135 continue
125 continue

C *xsxxxxsssrrrsCalculate Ezphi field LAE S
C »*=+TOP PML

do 170 i=1,pmldepth
cl=m*dt/(eps* (i+0.0+maxr-1.0)*dz)
do 180 k=1,maxz
ezphit (k,i)=ezphit(k,i)+(c1/eta)*(hrphit (k,i)+hrzt(k,i})
180 continue
170 continue

C s*sRight/Left PML

do 190 i=1,pmldepth+maxr
do 200 k=1,pmldepth
if (i.eq.axis) THEN
ezphir(k,i)=0.0
ezphil(k,i)=0.0
ELSE
cizm*dt/(eps*{i+0.0-1.0)*dz)
ezphir(k,i)=ezphir(k,i}+(c1/eta)« (hxrphir(k,i)+hrzr(k,i))
ezphil(k,i)=ezphil(k,i}+(ct/eta)* (hrphil(k,i)+hrz1(k,i))
END IF
200 continue
180 continus

return
end
BEEEEEERR RS EE R R EE RN DR EE R KRN ER RN RE AR NN ER R
¢ B fields <

Ty
subroutine pmiHeqn(m,ms)

implicit nons
include ’common.f?

integer k,i,m,axis,ms

real ¢1,c2,c3,c4,¢5,c6

real sigma r,sigma_ rs,sigma_z,sigma_zs
axis=1

C sxaxwssrsrsssxalalculate Hrz fieldssssssssssusnssbdbsssssc

C #x++#The Right & Left Reigions of PML
do 210 k=1,pmldepth
sigma_z=sigma_max#((k+0.0)/pmldepth}*»2.0
sigma_zs=sigma_z+*{(mu/eps)
cl=exp(-sigma_zs+*dt/mu)
c2=(c1-1.0)/(sigma_zs*dz)
¢ print *,’sigma_zs',cl,c2

do 220 i=1,pmldepthtmaxr
if (k.eq.1) THEN
if (i.gt.maxr) THEN
hrzr(k,i}=cishrzr(k,i) -stasc2+ (ephizr(k,i)+sphirr
1 (k,i)-ephirt (maxz,i-maxr)-ephizt (maxz, i-maxr))
ELSE
if (i.eq.axis.AND.abs{(m).ne.1) THEN
bhrzr(k,i)=0.0

ELSE
hrzr(k,i)=ci*hrzr(k,i)~eta*c2*(ephizr(k,i) +ephirr
1 (x,i)-ephi(maxz,i))
END IF
END IF

ELSE
if (i.eq.axis.AND.abs{m).ne.1) THEN
hrzr(k,i)=0.0

ELSE
hrzr(k,i)=ciehrzr(k,i)-etasc2+ (ephizr(k,i)+ephirr
1 (k,i)-ephizr(k-1,i)-ephirr{k-1,i})
END IF
END IP

if (i.eq.axis.AND.abs(m).ne.1) THEN
hrzl{k,i)=0.0
ELSE
hrzl(k,i)=cishrzl(k,i)-eta*c2*(ephizl(k,i)+ephirl(k,i)-
1 ephizl(k+1,i)-ephirl(k+1,i))
END IF

220 continue
210 continue

G e+»*The Up/Down Center Region PML
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c5=at/(mu*dz)

do 230 k=1,maxz
do 240 i=1,pmldepth
if (k.eq.1) THEN
hrzt (k,i)=hrzt (k,i)+eta*c5*(ephizt (k,i)+ephirt(k,i)~

1 ephizl(1,i+maxr)-ephirl(1,i+maxr))
ELSE
hrzt(k,i)=hrzt{k,i)+eta*cb*(ephizt(k,i)+ephirt(k,i)-
1 ephizt (k-1,i)-ephirt(k-1,i))
END IF
240 continue

230 continue
C serrerverresrrCalculate Hrphi fieldstssrissenxsssasssestrsc
C #swsThe Right/Left Regions PML

do 250 i=1,maxr+pmldepth
do 260 k=1,pmldepth
if (i.ne.axis) THEN
cl=m*dt/(mu*(i+0.0-1.0)*dz)
hrphir(k,i)=hrphir(k,i)-eta*cil*{ezphir(k,i)+ezrr(k,i))
hrphil(k,i)=hrphil(k,i)-etasci*(ezphil(k,i)+ezrl(k,i)}
ELSE
if (abs(m).ne.1) THEN
hrphir(k,i}=0.0
hrphil(k,i)=0.0
ELSE
c6=dt/ (musrdz)
hrphir(k,i)=hrphir(k,i)+eta*ms*c6+*{ezphir(k,i+1)+

1 ezrr(k,i+1))
hrphil(k,i}=hrphil (k,i)+eta*ms*c6*(ezphil(k,i+1)+
1 ezrl(k,i+1))
END IF
ERD IF
260 continue

260 continue
C s#xssThe Up/Down Regions PML

do 270 i=1,pmldepth
cl=m*dt/ (mu*(i+maxr+0.0-1.0)*dz)
do 280 k=1,maxz
hrphit{k,i)=hrphit(k,i)-eta*cis(azphit(k,i}+ezrt(k,i))
280 continus
27¢ continue

C sesrssessesessCalculate Hphiz fieldsesressrssssnsssssxssnsc
C ##sxThe Right/Left PML

do 290 k=1,pmldepth
sigma_z=sigma_max*((k+0.0}/pmldepth)**2.0
sigma_zs=sigma_z*(mu/eps)
ci=exp{-sigma_zs+dt/mu)
c2=etas(c1-1.0)/(sigma_zs*dz)

do 300 i=1,pmldepth+maxr
if (k.eq.1) THEX
if (i.gt.maxr) THEN
hphizr(k,i)=cishphizr(k,i)~c2*(erzt (maxz,i-maxr)+

1 erphit (maxz,i-maxr)-erzr(k,i)-erphir(k,i))
ELSE
hphizr(k,i)=cishphizr(k,i)-c2*(er(maxz,i}
1 -erzr(k,i)-erphir(k,i))
END IF
ELSE
hphizr(k,i)=cishphizr(k,i)-c2#(erzr(k-1,i)+erphir(k-1,i)
1 -erzr(k,i)-erphir(k,i))
END IF

hphizl(k,i)=c1*hphizl(k,i)-c2*(erzl(k+1,i)+erphil(k+1,i)
1 -erzl(k,i)-erphil(k,i)}

300 continue
290 continue

C ##*¢The Up/Down PML
c3=etavdt/ (mundz)
do 310 k=1,maxz
do 320 i=1,pmldepth

if (k.eq.1) THEN
hphizt (k,i)=hphizt{(k,i)+c3#(erphil(1,itmaxr)+

1 erzl(1,i+maxr)-erphit(k,i)-erzt(k,i))
ELSE
hphizt (k,i)=hphizt(k,i)+c3*(erphit (k-1,1)+erzt(k-1,i)-
1 erphit(k,i)-erzt(k,i))

END IF
320 continue
310 continue

C sexxssansxsxssCalculate Hphir field

C *#++Bottom/Top (sigma_r) Regions PML

do 330 i=1,pmldepth
sigma r=sigma_max=*{(i+0.0+0.5)/pmldepth)**2.0
sigma_rs=sigma_r*(mu/eps)
cl=exp(-sigma_rs«dt/mu)
c2=eta*(cl-1.0)}/(sigma_rsedz)

C #ssssssxConter Top Region
do 340 k=1,maxz
hphirt(k,i)=cl*hphirt (k,i)-c2»(ezrt(k,i+1) tezphit(k,i+1)-
1 ezrt (k,i)-ezphit(k,i)}
340 continue

¢ ***rright/left corners
da 350 k=1,pmldepth
hphirr(k,i+maxr)=ci*hphirr(k,i+maxr)-c2*(ezrr(k,i+1+maxr)+

1 ezphir(k,i+l+maxr)-ezrr (X, itmaxr)-ezphir(k,i+maxr))
hphirl (k,itmaxr)=ci*hphirl(k,itmaxr)-c2#(ezrl(k,itl+maxr)+
1 ezphil(k,i+I+maxr)-ezrl(k,i+maxr)-ezphil(k,i+maxr))
360 continue

330 continue
C »exsRight/Left Center Regions (no sigmas!!)

c4=etaxdt/(musdz)
do 360 k=1,pmldepth
do 370 i=1,maxr
hphirr(k,i)=hphirr(k,i)+cés(ezrr(k,i+1) +ezphir(k,i+1)
1 -ezrr(k,i)-ezphir(k,i))

hphirl(k,i}=hphirl{k,i)+c4*(ezrl(k,i+1)+ezphil(k,i+1)
1 -ezrl(k,i)-ezphil(k,i))

370 continue
380 continue

C #xxrxxssexxmrrxCalculate Hzr field

do 380 i=1,pmldepth
sigma_r=sigma_max»((i+0.0+0.5) /pmldepth)*#2.0
sigma_rs=sigma_r+*(mu/eps)
cl=exp(-sigma_rs*dt/mu)
c2=eta*(cl1-1.0)/(zigma_ra+dz)
c3=c2/(i+maxr+0.5-1.0)

C #swssssMiddle Top/Bottom Region
do 390 k=1, ,maxz
hzrt(k,i)=clshzrt{k,i)+c3*{(i+maxr+0.0)*(ephizt (k,i+1)+
1 ephirt(k,i+1))-(i+maxr-1.0)#*(ephizt (k,i)+ephirt(k,i)))
390 continue

¢ *esvexeright/left corners
do 400 k=1,pmldspth
hzrr{k,i+maxr)=ci*hzrr(k,i+maxr)+c3*({i+maxr+0.0)*
1 (ephizr(k,i+tmaxr+1)+ephirr(k,i+maxr+1))-(i+maxr-1.0)*
1 (ephizr(k,i+maxr)+ephirr(k,i+maxr}))

hzrl(k,i+maxr)=ci*thzri(k,i+maxr)+c3*((i+maxx+0.0)*
1 (ephizl (k,i+maxr+1)+ephirl(k,i+maxr+1))-(i+maxr-1.0)*
2 (ephizl(k,i+maxr)+ephirl(k,i+maxr)}))

400 continue
380 continue

C sxesRight/Left Center Regions (no sigmas!'!)
do 410 i=1,maxr
ch=etas(i+0.0-1.0)*dt/ (mus(i+0.5-1.0)*dz)
cG=etas(i+1.0-1.0)*dt/ (mu*(i+0.5-1.0)+dz)
do 420 x=1,pmldepth

hzrl(k,i)=hzrl(k,i)+c5*(ephizl(k,i)+ephirl(k,i})-c6*

1 (ephizl(k,i+1)+ephirl{k,i+1))
hzrr(k,i)=hzrr(k,i)+c5+» (ephizr(k,i)+ephirr(k,i))-c6*
1 (ephizr (k,i+1) +ephirr{k,i+1))
420 continue

410 continue

C #s»exxsxaesxsrCalculate Hzphi fields
C s»s*Top/Bottom PML Regions
do 430 i=1,pmldepth

cl=medt/ (murdz)
c2=etarcl/(itmaxr+0.6-1.0)

202
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do 440 k=1,maxz

hzphit (k,i)=hzphit (k,i)+c2* (erphit(k,i)+terzt(k,i))

440 continne
430 continue

C *s**Right/Left PML Regions

do 450 i=1,pmldepth+maxr
cl=etasm*dt/(murdz*(i+0.5-1.0))

do 460 k=1,pmldepth

hzphir (k,i)=hzphir(k,i)+ci*(erphir(k,i)+erzr(k,i))
hzphil(k,i)=hzphil{k,i)+ci*(erphil(k,i)+erzl(k,i))

460 continue
450 continue

return

end

The following, gquad.f, contains the sub-
routines for calculating the Fourier components
of the incident wave using a Gaussian quadra-
ture technique.

Calculates an numerical integral using Gaussian (Quadrature

in order

to determines the coef of the Fourier series for

o o a

Intno: -4-Ermu; 2-Ephimu; -6-Ezmu; 4-Ermv; -2-Ephimv; 6-Ezmv ¢

c
c
¢ the incident plane wave,
<
<

7-Hrmu; -11-Hphimu; 9-Hzmu; -7-Hrmv; 1i-Hphimv; -9-Hzmv c

real

function Gquad(a,b,IntNe,m,t,r,zg,theta)

implicit none
include ’common.f’

real
raal
real
real

a,b,t,r,zg,theta,Intgrl,value,y,z,veight
Ermu,Ephimu,Ezmu, Ermv,Ephimv, Ezmv, cossq,z20
Hrmu,Hphimu, Hzmu,Brmv , Hphimv, Hzmv, sinsq
weight20, dx, e1l, e2, h, mid, steps

integer j,IntNo,m,AIN,i

dimension z(10), weight(10), 220(20), weight20(20)

DATA (z2(j), j=1,10)/-.9739065286,-.8650633667,-.6794095683,

"

DATA

@WN

DATA

OO0 NDO D W N

DATA

00N T D W N e e

-.4333953941, -.1488743390,.1488743390,.4333963941,
.6794096683, .8650633667,.9739085285/

(weight(j), j=1,10}
/.0666713443, .1494513492, .2190863626, . 2692667193,
.2955242247, .295524247, . 2692667193, . 2190883625,

.1494513492, . 0666713443/

(z20(3), j=1,20)

/-0.99312869919241, -0.96397192726078,
-0.91223442826796, -0.83911697181213,
-0.74633190646476, -0.63605368072468,
-0.51086700195146, -0.37370608871528,
-0.22778685114165, -0.07652652113350,

.07652652113360, 0.22778585114165,

37370608871528, 0.51086700195146,

.63605368072468, 0.74633190646476,

83911697181213,  0.91223442826796,

.96397192726078, 0.99312859919241/

b=

<

00 QCO0O
occoco0O0

(weight20(j), j=1,20)
/0.01761400713536,
0.04060142981029,
.08327674159386,

0.06267204829089,
0.10193011980641,
11819453199405, 0.13168863844930,
14209610916487, 0.14917298630417,
1562756338717117, 0.16275338723120,

0

0

0

]

<

14917298659407, 0.14209610937519,
13168863843930, 0.11819463196164,
10193011980823, 0.08327674160932,
06267204829828, 0.04060142982019,
01761400714091/

DOV OOOO

Cess*+Expressions to account for “real” distance from orgin

Ceasxsof field values.

r=r-dz

ATN =

abs (IntNo)

it (AIN.eq.4.0R.AIN.eq.9.0R.AIN.eq.11)

1

r=r+dz/(2.0)

It calculates field distances for 1/2 lattice
Cssssspoints, and since "grid" i=i,maxr <=> "real" i=0, (maxr-1)}=dr
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if (AIN.eq.4.0R.AIN.eq.9.0R.AIN.eq.2)

1 zg=zg+dz/(2.0)
if (AIN.eq.7.0R.AIN.eq.9.0R.AIN.eq.11)
1 t = t-dt

< 1 t =t
if (AIN.eq.4.0R.AIN.eq.6.0R.AIN.eq.2)
1 t = t-dt/2.0

c 1 t = t+dt/2.0

c P

C* Integration by 20-point Gauss-Legendre quadrature.

R T I P A R AR A T et e T g

A and B

C* are the limits of integration, and FUNC is the user-supplied *
C* function to be integrated. The result is returned in INTGRL =
c* Incident waves of mode m are divided in m+l regions which *
c* are sach computed by 20-point gquad. .
C EL] ewen ERERRAERRRRARS
INTGRL = 0.0
dx = (b-a)/(m+1)
do 5 steps = 1,(m+1)
8l = a + (steps-1)*dx
@2 = a + stapssdx
h = (e2-e1)/2
mid = (el+e2)/2
do 10 I = 1,20
Y = z20(I)*h + mid
if (IntNo.sq.2) value = Ephimu(Y,m,t,r,zg,theta)
if (IntNo.eq.4) value = Ermv(Y,m,t,r,zg,theta)
if (IntNo.eq.6) value = Ezmv(Y,m,t,r,zg,theta)
if (IntNo.eq.7) value = Hrmu(Y,m,t,r,zg,theta)
if (IntNo.eq.9) value = Hzmu(Y,m,t,r,zg,thetn)
if (IntNo.eq.11) value Hphimv(Y,m,t,r,zg,theta)
if (IntNe.eq.-2) value = Ephimv(Y,m,t,r,zg,thetn)
if (IntNo.eq.-4) value Ermu{Y,m,t,r,zg,theta)
it (IntNo.eq.-6) value Ezmu(Y,m,t,r,2g,theta)
if (IntNo.eq.-7) value Brmv(Y,m,t,r,zg,theta)
if (IntNo.eq.-%) value = Hzmv{(Y,m,t,r,zg,theta)
if (IntNo.eq.-11) value = Hphimu(Y,m,t,r,zg,theta)
if (IntNo.eq.45) value = cosaq(Y)
if (IntNo.eq.46) value = sinsq(Y)
INTGRL = INTGRL + h*weight20(I)*value
10 continuse
5 continue
if (m.eq.0) THEN
gquad = INTGRL*5.0/2.0
ELSE
gquad = INTGRL*5.0
END IF
< if (abs(gquad).gt.le-6) print *,gquad,IntNo,m,t,r,zg,theta
c it (abs{gquad).gt.1) then
c print *, IntNo, ¢, r, zg, sdev, theta, m
< end if

RETURN
END

¢ All the incident wave functions to be integrated by Gaussian

¢ Quadrature.

real function cossq(phi)

implicit none

include ’common.f’

real phi

cossq = cos{(6+phi)*coa(phi)*axp(-(3+cos(phi))**2.0)+100

return
end

real function sinsq(phi)

implicit none

include ’'common.f’

real phi

sinsq = (1/pi)*(sin(phi))*»2.0
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return

real function Ermu{phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

EBrmu={(1/(pi®sqrt(2»pi)))*cos(m*phi)*(Ehg*coa{phi)*cos

1 (theta)+Evg*sin{phi) ) xexp(-(({t-ga)+((zg*cos(theta)
2 +r*sin(theta)*cos(phi))/c))*»2)/(sdevsu2))»
3 ((sin(2¢pi*modfreq*{(t-gd)+((zg*cos(theta)+r*sin(theta)*
4 cos{phi))/c))))*modulate+abs(modulate-1)}
return
end

kEEREEER [
real function Ermv(pki,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Brmv={(1/(pi*sqrt(2*pi}))+sin(mephi)*(Bhgecos (phi) *coz(thata)

1 +Evgesin(phi))*exp(-(({t-gd)+((zg*cos(theta)+resin(theta)
2 scos(phi))/c))*+2)/(sdevs*2))*
3 ((sin(2*pismodfreqs ((t-gd)+((zg*cons(theta) +r*sin(thata)s
4 cos(phi))/c})))*modulate+abs (modulate-1})

return

end

real function Ephimu(phi,m,t,r,zg,theta)

implicit none
include 'common.f’

real phi,t,r,zg,theta
integer m

Ephimu={1/(pi*sqrt(2*pi)))*cos (m*phi)*(-Ehg*sin(phi)*cos(theta)

1 +Evg*cos (phi))*exp(-(({t-gd)+{(zg*cos(theta)+r*sin(thetn)
2 *cos(phi})/c))»*2)/ (sdevas2)) =
3 {(ain(2*pis*modfreqe ((t-gd)+((zg*cos(theta)+r*sin(theta)*
4 cos(phi)}/c))) ) *modulate+abs(modulate-1))

return

end

real function Ephimv({phi,m,t,r,zg,theta)

implicit none
include 'common.f’

reel phi,t,r,zg,theta
integer m

Pphimv=(1/(pi*#sqrt(2#pi)))*sin (m*phi)*(-Ehg+sin(phi)+cos(theta)
1 +Evgscos{phi) ) #exp(~(((t-gd)+((zgscos(theta) +resin(thata)
2 *cos(phi)})/c))»*2)/(adeves2))»

3 ((sin(2*pis*modfreq* ((t-gd)+({zg*rcos(theta)+resin(theta)*
4 cos(phi})/c))))*modulate+abs(modulate-1))}

return
end

real function Ezmu(phi,m,t,r,zg,theta)

implicit none
include 'common.f’

real phi,t,r,zg,theta
integer m

Ezmu=(1/(pi*sqrt(2#pi)))*cos (msphi)*(-Ehgssin(theta))s

1 exp((-{(t-gd)+(zg*cos(theta)+r*sin(theta)*cos
2 {phi})/c)**2)/(sdev*2))+
3 ((sin(2*pismodfreqs ((t-gd)+((zg*cos(theta) +resin(theta)

4 cos(phi))}/c})))*modulate+abs(modulate-1))

return
end

7Y ELETET TR T L LT ol
real function Ezmv{phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Ezmy=(1/(pi*sqrt(2*pi)))*sin(m*phi)*(-Ehg*sin(thetn)) =

1 oxp((~((t-gd)+(zg*cos(theta)+r*sin(theta)*cos{phi)}
2 /c)e»2)/(sdeves2})»
3 ((sin(2*pi*modfreq+ ((t-gd)+((zg*cos(theta)+r*sin(theta)*
4 cos(phi)}/c))))*modulate+abs (modulate-1))
return
end
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real function Hrmu(phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Hrmu=(1/(pissqrt(2*pi)))*cos(m*phi) « (Evg*cos(theta)*
1 cos(phi)-Ehg*sin(phi))»exp((~((t-gd)+{zg*cos(theta)+r*
2 sin{theta)#cos(phi})/c)*#2)/(sdevss2))*
3 ((zin{2+pi*modfreqs ((t-gd) +({zg*cos(theta)+r*ain{theta)*
4 cos{phi))/c})))*modulate+abs{modulate-1))

Teturn
end

real function Hrmv{(phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Brmv={(1/(pi*sqrt (2#pi))) *sin(m*phi)+(Evg+cos (theta)*
1 cos(phi)-Ehg*sin(phi) ) *exp((-({t-gd)+(zg*cos(theta}+r+
2 sin(theta)*cos(phi))/c)**2)/(sdaves2))s
3 ((sin(2*pi*modfreq*((t-gd)+({zg*coa(theta)+r*sin(theta)*
4 cos(phi))/c))))*modulate+abs(modulate-1)}

return
end

real function Hphimu(phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Bphimu=(1/(pi*sqrt (2+pi)})*cos(mephi)* (-Evgrcos{thata)*
1 sin(phi)-Bhgecos{phi))sexp((~({t-gd) +{zgscoa(theta)+rs
2 sin(theta)*cos(phi))/c)»»2}/ (sdev**2))»
3 ((sin(2*pi*modfreq* ((t-gd)+((zg*cos(theta) tresin(theta)*
4 cos(phi)}/c))))*modulate+abs (modulate-1))

return
end
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real function Hphimv(phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Bphimv=(1/(pi*sqrt (2+pi)))+sin(msphi)*+ (-Bvg*cos(theta)s
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1 sin(phi)-Ehg*cos(phi))*exp({(~ ({(t-gd) +(zg*cos (theta)+r*
2 sin(theta)*cos(phi))/c)%»2)/(adevss2))»
3 {(sin(2*pi®modfreq+ ((t-gd)+((zg*cos(theta)+r*sin(theta)*
4 cos(phi))}/c))))*modulate+abs(modulate-1))
return
end

PP,

real function Hzmu(phi,m,t,r,zg,theta)

implicit none
include ’common.f’

real phi,t,r,zg,theta
integer m

Bzmu=(1/(pi*sqrt(2+pi)))*cos(msphi)*(-Evgsrsin(theta))+

1 exp((-((t-gd)+(zg*cos(theta)+trssin(theta)*cos(phi))
2 /e)*%2)/ (sdeves2))s
3 ({sin(2#*pi*modfraq#((t-gd)+{(zg*cos(theta) +r*sin(theta)*
4 cos(phi))/c)}))*modulate+abs(modulate-1))
return
end

- *4c
real function Hzmv(phi,m,t,r,zg,theta)

implicit none
include 'common.f’

real phi,t,r,zg,theta
integer m

Hzmv=(1/(pi*sqrt(2*pi)))*sin(m*phi)*(-Evgrsin(theta))=*

1 exp((-{(t-gd)+(zg*cos(thata)+r*sin(theta)*cos(phi))
2 /c)»x2)/(adeve*2) )
3 ({(sin(2spismodfreq* ((t-gd)+((zg*cos{theta)+r*sin(theta)*
4 cos(phi})/c))))*modulate+abs(modulate-1))
return
end

The following, rcs.f, contains the subrou-
tines for performing the DFT on the fly of the
fields as well as those for computing the radar
cross sections.

c c
C Performs the dft on the fly.There are 12 fisld values per grid per
C mode cell that will be stored (i.s. eru, erv, ephiu, ephiv, etc.) [4
C They are stored in the complex arrays feru, ferv, fephiu, fphiv, c
C etc. Since there are only six arrays at any given time holding c
C field values (i.e. er, ephi, ez, hr, hphi, hz) the subroutine C
C updates the appropiate complex arrays based on the input variables C
C mode (what Fourier is being calculated) and egset (which equation [+
C set is being used). ¢
[ c
C Equation set 1 contains erv, sphiu, ezv, hru, hzu, hphiv [
C Equation set 2 contains eru, ephiv, ezu, hrv, hzv, hphin ¢
c c
C Adjacent field values are averagsd in order to approximate their [
C values along the lattice points (k,i) (Note: hr and ez are never ¢
C averaged since they lie on the lattice points) 4
[ c
¢ c

SUBROUTINE update_dft(mode,eqset)

implicit none

include ’common.f’

integer k, i, j, mode, eqset

Teal temp, tempfreq

if (eqset.eq.1) THEN

k=rcszl
c ssaloop cycles through first mheight-1 points, left side of box
do 10 i=i mheight-1
c *+4x22]o0p cycles through all frequencies of interest.
do 11 j=minf,maxf,stepf

< tempfreq = low_freq+dfreq+*(j+0.0)

tempfreq = freqlist(j,1)

if (i.eq.1) then
temp = er(k,i)
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11
10

21
20

else
temp = (er(k,i)+er(x,i-1))/2.0
end if
forv(mode,i,j)=ferv(mode,i,j)+temprexp(2+pi*
1 (0,1)*tempfreqedt*time)*dt

temp=(hz(k,i)+hz(k-1,i)}/2.0
fhzu(mode,i, j)=fhzu(mode,i,j)+temp*exp(2+pix
1 (0,1)*tempfraqedt*time) *dt

temp=(ephi(k,i)+ephi(k-1,i))/2.0
fephiu(mode,i,j)=fephiu(mode,i,j)+temprexp(2+pis
i (0,1)*tempfreq¥dt+time)«dt

temp=hr(k,i)
fhru(mode,i, j)=fhru(mode,i,j)+temprexp(2#pix
1 {0,1)*tempfreqsdt+time)+dt

temp=ez(k,i)
fezv(mode,i,j)=fezv(mode,i,j)+temprexp(2*pi*(0,1)
i *tempfreq+dt*time)*dt

if (i.eq.1) then
temp = hphi(k,i)
else
temp=(hphi(k,i)+hphi(k,i-1)}/2.0
end if
fhphiv(mode,i,j)=fhphiv(mode,i,j)+temprexp{2+pi*(0,1)
1 *tempfreq*dt*time)*dt

continue
continue

i=mheight
#¥+loop cycles through mheight,mheight+z2-z1 points, top of box
do 20 k=rcszl,rcsz2
sssxs2loop cycles through all frequencies of interest.
do 21 j=minf,maxf,stepf
tempfreq = low_freq+dfreqe(j+0.0)
tempfreq = freqlist(j,1)

temp={(er(k,i)+er(k,i-1))/2.0
forv(mode,mheight+k-reszi, j)=ferv(mode, ,mheight+k-rcszi,
1 j)+temprexp(2+pi*(0,1)*tempfrog*dt*time) *dt

temp=(hz(k,i)+hz(k-1,i))/2.0
fhzu(mode ,mheight+k-rcszi, j)=fhzu(mode,mheight+k-reszl,
1 j)+temprexp(2+pi*(0,1) *tempfrogqedt*time)*dt

temp=(hphi(k,i)+hphi (k,i~1))/2.0
fhphiv(mode,mheight+k-rcszl,j)=fhphiv(mode ,mheight+k-
1 reszl, j)+temprexp{2*pi*(0,1) *tempireqrdt*time)«dt

temp=hr(k,i)
fhru(mode ,mheight+k-r¢szl, j)=fhru(mode,mheight tk-rcszl,
1 j)+temprexp(24pi*(0,1)*tempfroqrdtrtime)*dt

temp=ez(k,i)
fozv(mode,mheight+k-rcszl,j)=fezv(mode,mheight+k-reszl,
1 j)+temprexp(2+pis (0,1)*tempfreqedtetime)*dt

temp=(ephi(k,i)+ephi(k-1,1))/2.0
fephiu(mode,mheight+k-rcszl,j)=fephiu(mode ,mheight+k-
1 rcszl,j)+temprexp(2spis(0,1) *tempfragsdt*time)*dt
continus
continne

k=rcsz2
s*sloop cycles through last mheight-1 points, right side of box
do 30 i=1,mheight-1
*sxs32lo0p cycles through all frequencies of interest.
do 31 j=minf,maxf,steptf
tempfreq = low_freq+dfreqs(j+0.0)
tempfreq = freqlist(j,1)

if (i.eq.1) then
temp = er(k,i)
else
temp = (er(k,i)+er(k,i-1))/2.0
end if
forv(mode,2*mheight-i+rcsz2-rcszl, j)=ferv{mode,2*
1 mheight-itrcsz2-reszl, j) +temprexp(2#pis(0,1)*
2 tempfreqedtetimes)sdt

temp=(hz{k,i)+hz(k-1,1))/2.0

fhzu(mode,2*wheight-itrcsz2-rcszl, j)=fhzu(mode, 2+
1 mheight-i+rcsz2-rcazl, j)+temprexp(2%pin(0,1)»
2 tempfraq*dt*time)+dt

temp={ephi(k,i)+ephi(kx-1,i))/2.0
fephiu(mode,2#mheight-i+trcsz2-rc¢szl, j)=fephin(mode
1 ,2¢mheight-i+rcsz2-rcszl,j)+temprexp(23pis
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2 (0,1)stempfreq*dtetime)*dt

temp=hr(k,i)

fhru{mode,2*mheight-i+rcsz2-rcszl, j)=fhru{mode
1 ,2*mheight-i+rcsz2-rcszl, j)+temprexp(2*pis
2 (0,1)*tempfreqedtrtime) *dt

temp=ez(k,i)

fezv(mode,2¢mheight-i+rcsz2-rcszl, j)=fezv(mode
1 ,2*mheight-i+rcsz2-reszl, j) +tempsexp(2+pix
2 (0,1)*tempfregedtstime) *dt

if (i.eq.1) then
temp = hphi(k,i)
else
temp=(hphi(k,i)+hphi(k,i-1))/2.0
end if
fhphiv(mode,2+mheight-i+rcsz2-rcszl, j)=fhphiv(mode
,2*mheight-i+rcsz2-rcsz1, j)+temprexp(2+pis
2 (0,1)*tempfreq*dt*time)*dt

[

31 continue
30 continue

ELSE
CrsxsEqset number 2

k=rcszl
c *¥xloop cycles through first mheight-1 points, left side of box
do 110 i=!,mheight-1
c #*4x+xloop cycles through all frequencies of intersest.
do 111 j=minf ,maxf,stepf
c tempfreq = low_freq+dfreq+*(j+0.0)

tempfreq = freqlist(j,1)

if (i.eq.1) then
temp = er(k,i)
else
temp = (er(k,i)+er(k,i-1)}/2.0
end if
feru(mods,i,j)=feru(mode,i,j)+temprexp(2+pi*
1 {0,1)*tempfraqsdt+time)»dt

temp=(hz(k,i)+hz(k-1,i)}/2.0
c print *,’hz’,tsmp
thzv(mode,i, j)=fhzv(mode,i,j) +temprexp (2+pis*
1 (0,1)*tempfreqrdt*time)»dt

temp=(ephi(k,i)+tephi(k-1,i))/2.0
< print *,’ephi’, temp
fophiv(mode,i,j)=fephiv(mode,i,j)+temp*
1 oxp(2#pi*(0,1)*tempfroqedt*time)*dt

temp=hr (k,i}
< print *,’hr’,temp
fhrv(mode,i,j)=fhrv(mode,i,j)+temp*
1 exp(2epi*(0,1) *tempfreqedtetime)sdt

temp=ez(k,i)
c print *,’ez’,temp
fezu(mode,i,j)=fezu(mode,i,j)+temp*
1 oxp(2#pix(0,1) *tempfreq*dt*time)+dt

if (i.eq.1) then
temp = hphi(k,i)
else
temp= (hphi (X, i)+hphi(k,i-1))/2.0
end if
[ print #*,’hphi’,temp
fhphiu(mode,i,j)=thphiu(mode,i,j)+temps
1 oxp(2+pi*(0,1) stempfreq*dt*time)=dt

111 continue
110 continue

i=mheight
4 #s#loop cycles through mheight,mheight+z2-z1 points, top of box
do 120 k=rcszl,rcsz2
c #++444100p cycles through all frequencies of interest.
do 121 j=minf,maxf,stspf
[ tempfreq = low_fregtdfreqs(j+0.0)
tempfreq = freqlist(j,1)

toemp={(er(k,i)+er(k,i-1))/2.0

c if (k.eq.rcszl) write(81,*) temp
foru(mode,mheight+k-rcszt, j)=feru(mode,mheight
1 +X-rcszl, j) +temp*exp (2#pi*(0, 1) *temptreq+
2 dt+time)«dt

temp=(hz(X,1i)+hz(Xx-1,i))}/2.0
fhzv(mode ,mheight+k-rcszl, j)=thzv(mode,mheight
1 +k-rcszl, j)+temprexp (2spi*(0,1) +tempfroq+

2 dt*time)*dt

temp=(hphi(k,i)+hphi(k,i-1}}/2.0

fhphiu(mods ,mheight+k~rcsz1,j)=fhphiu(mode,mheight
1 +k-rcszl,j) +temp*exp(24pi* (0,1) »tempfreg*
2 dtetime)sdt

temp=hr(k,i)

fhrv(mode ,mheight+k-rcsz1, j)=fhrv(mode,mheight
1 +k-rcazl,j)+temprexp(2*piv (0,1)*tempfreq*
2 dt*time)*dt

temp=ez(k,i)

fezu(mods ,mheight+k-rcszi, j)=fezu(mode,mheight
1 +k-rcszl, j)+temprexp(2*pi* (0,1) *tempfreqx
2 dt*time)*dt

temp=(ephi (k,i)+ephi(k-1,1})/2.0
fophiv(mode,mheight+k-rcszl,j)=fephiv(mode ,mheight

1 +k-rcszl,j)+temprexp(2+pin(0,1)*tempfreq*
2 dtetime)*dt
121 continue
120 continue
k=rcsz2
c *#*#loop cycles through last mheight-1 points, right side of box
do 130 i=1,mheight-1
c sxsxsxloop cycles through all frequencies of interest.
do 131 j=minf,maxf,stept
c tempfreq = low_freqtdfreq#(j+0.0)

tempfraq = freqlist(j,1)

it (i.eq.1) then
temp = er(k,i)

else
temp = (er(k,i)+er(k,i-1))/2.0
end if
feru(mode,2*mheight-i+rcsz2-rcazl, j)=feru(mode,2*
b mheight-itrcsz2-rcszl, j) +temp*exp(2#pi*(0,1)*
2 tempfreqsdtstime)sdt

temp=(hz(k,i)+hz(k-1,i))/2.0
fhzv(mode,2*mheight-it+rcaz2-rcszl, j)=fhzv(mode,2s

1 mheight-i+rcsz2-resz1,j)+temprexp(2spis»(0,1)s
2 tempfreq*dtetime)*dt
temp=(ephi(k,i)+ephi(k-1,1))/2.0
fophiv(mode,2¢mheight-i+rcsz2-rcszi,j)=fephiv(mode
1 ,2*mheight-i+rcsz2-rcszl,j)+temprexp (2#pis
2 {0,1)*tempfreqedt*time)*dt
temp=hr(k,i)
fhrv(mode,2#mheight-i+rcsz2-rcszl, j)=fhrv(mode
1 ,2¢mheight-i+rcsz2-rcszl, j) +temprexp(2epin
2 (0,1)#tempfreqsdt*time) «dt
temp=ez(k,i)
fezu(mode,2*mheight-i+rcsz2-recszl, j)=fezu(mode
1 ,2%mheight-i+rcsz2-reszl, j)+temprexp(2+pir
2 (0,1) *tempfrog*dt*time)*dt
if (i.eq.1) then
temp = hphi(k,i)
else
temp=(hphi(k,i)+hphi(k,i-1))/2.0
end if
fhphiu(mods,2#mheight-i+rcsz2-rcszl, j)=fhphiu(mode
1 ,2¢pheight-itrcaz2-rcszl, j)+temprexp(2#pis
2 {0,1)*tempfraqedt *time)*dt
131 continue
130 continue
END IF
return
end
C initialize all frequency fisld valuss to zsro C

EEEARAERERELEREASREIRES SRR

SUBROUTINE init_freq

implicit none
include ’‘common.f’

integer m,k,i
do 10 m=mode_start,mode_end

do 20 x=1,mxdp
de 30 i=1,MAX_FREQS

206
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30 continue
20 continue
10 continue

raturn
end

c o
C write out phasor values to a file. 4
ESEIEEE 222223228 2 H

c - 'y

SUBROUTINE write_phasors

implicit none
include ’common.t’?

Ceexrepm: the current mode being written out.

integer pm,i,k,fi
complex temp

write(6,*) ‘Writing out frequency data...’
open{unit=9,file='fdata/info.dat’,status=’unknown’,
1 form='formatted’)
write(9,%) dt
write(9,s) dz
vrite(9,*) XN
write(9,*) inc_ang
write(9,») gd
write(9,*) sdev
write(9,*) rcszl
write{(9,*) rcsz2
write(9,*) mheight
write(9,*) mode_start
write(9,*) mode_end
write(9,*) modulate
write(9,*) modfreq
write(9,*) num_fregs
do 130 fi=minf,maxf
write(9,+) freqlist(fi,1), freqlist(fi,2)
130 continue
close(unit=9)

100 format(F12.8, ' ’, F12.8)

open{unit=9,file='fdata/feru.dat’,status=’unknown’,
1 form='formatted’)
do 10 pm = mode_start,mode_end
do 20 i = 1,2#mheight+rcsz2-rcszl-1
do 30 k = minf,maxf,step?
temp = feru(pm,i,k)
vwrite(9, *) real(temp), aimag(temp)

30 continus
20 continue
10 continue

close (unit=9)

open(unit=9,file='fdata/ferv.dat’,status=’unknown’,
1 form='formatted’)
do 101 pm = mode_start,mode_end
do 201 i = 1,2»mheight + rcsz2 - rcaszi - 1
do 301 k = minf,maxf,stepf
temp = ferv(pm,i,k)
write(9, *) real(temp), aimag(temp)
301 continue
201 continue
101 continue
close (unit=9)

open{unit=9,file=’fdata/fezu.dat’, status=’unknown’,
1 form=’formatted’)
do 102 pm = mode_start,mode_end
do 202 i = 1,2smheight + rcsz2 - rcszl - 1
do 302 k = minf,maxf,stepf
temp = fezu(pm,i,k)
write(9, *) real(temp), aimag(temp)
302 continue
202 continue
102 continue
close (unit=9)

207

open(unit=9,file=’fdata/fezv.dat’ ,status=’unknown’,
1 form='formatted’)
do 103 pm = mode_start,mode_end
do 203 i = t,2#mheight + xcsz2 - reszl - 1
do 303 k = minf,maxf,stepf
temp = fezv(pm,i,k)
write(9, *) real(temp), aimag(temp)
303 continue
203 continue
103 continue
close(unit=9)

open{unit=9,file=’fdata/fephiu.dat’,status='unknown’,
1 form=’formatted’)
do 104 pm = mode_start,mode_end
do 204 i = 1,2*mheight + rcsz2 - rcszi - 1
do 304 k = minf,maxf,stepf
temp = fephiu(pm,i,k)
write(9, ») real(temp), aimag(temp)
304 continue
204 continue
104 continue
close (unit=9)

open(unit=9,file=’fdata/fephiv.dat’,status=’unknown’,
1 form=’formatted’)
do 1056 pm = mode_start,mode_end
do 205 i = 1,2#mheight + rec2z2 - reszl - 1
do 306 k = minf,maxf,stepi
temp = fephiv(pm,i,k)
write(9, *) real(temp), aimag(temp)
306 continue
205 continue
105 continue
close(unit=9)

open{unit=9,file=’fdata/fhru.dat’,status="unknown’,
1 form=’formatted’)
do 106 pm = mode_start,mode_end
do 206 i = 1,2*mheight + rcsz2 - rcszl - 1
do 306 k = minf,maxf,stepf
temp = fhru(pm,i,k)
write(9, *) real(temp), aimag(temp)
308 continue
206 continus
106 continue
close (unit=9)

open(unit=9,file='fdata/fhrv.dat’,status='unknown’,
1 form=’formatted’)
do 107 pm = mode_start,mode_end
do 207 i = 1,2#mheight + rcsz2 - reszl - 1
do 307 k = minf,maxf,stepf
temp = fhrv(pm,i,k)
write(9, *) real(temp), amimag(temp)
307 continue
207 continue
107 continue
close(unit=9)

open(unit=9,file='fdata/fhzu.dat’,status='unknown’,
b form='formatted’)
do 108 pm = mode_start,mode_end
4o 208 i = 1,2*mheight + rcsz2 - rcszl - 1
do 308 k = minf,maxf,stepf
temp = fhzu(pm,i,k)
write(9, *) real(temp), aimag{temp)
308 continus
208 continue
108 continus
close{unit=9)

open{unit=9,file=’fdata/fhzv.dat’,status="unknown’,
1 form='formatted’)
do 109 pm = mode_start,mode_end
do 209 i = 1,2#mheight + rcsz2 - rcszl - 1
do 309 k = minf,maxf,stepf
temp = fhzv(pm,i,k)
vrite(9, *) real{(temp), aimag(temp)
309 continue
209 continue
109 continue
close{unit=9)

open{unit=9,file=’'fdata/fhphiun.dat’,status='unknown’,
1 form='formatted’)
do 110 pm = mode_start,mode_end
do 210 i = 1,2#mheight + rcsz2 - rcszl - 1
do 310 k = minf,maxf,stspf
temp = fhphiu(pm,i,k)
write(9, *) real(temp), aimag(temp)
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310 continue
210 continue
110 continue
close{unit=9)
open{unit=9,file='fdata/fhphiv.dat’,status=’unknown’,
1 form=‘formatted’)
do 111 pm = mode_start,mode_end
do 211 i = 1,2#mheight + rcsz2 - rcszl - 1
do 311 k = minf,maxf,stepf
temp = fhphiv{pm,i,k)
write(9, ») real{temp), aimag{temp)
311 continue
211 continue
111 continue
close{unit=9)
return
end
¢ s o c
€ read out phasor valuas from a file. c

[ T PR TP P v
SUBROUTINE read_phasors

implicit none
include ’common.f’

C#*++2pm: the current mode being written out.

integer pm,i,k,fi
real tempr, tempi
write(6,*) ’Reading in frequency data...’
open(unit=9,file='fdata/info.dat’,status=’o0ld’,
1 form='formatted’)

read(9,*) dt

read(9,*) dz

read(9,s) ¥

read(9,*) low_freq

read(9,*)
read(9,*)
raad(9,s)
road(9,*)
read(9,»)
read(9,+)
read(9,=)
read(9,»)
read(9,*)
read(9,*)
read(9,*)
read{(9,s)

high_freq
dfreq
inc_ang
gd

sdev
reszl
resz2
mheight
mode _start
mode_end
modulate
modfreq

read(9,*) num_freqs
do 130 fi=1,num_freqs
read(8,*) freqlist(fi,1), freqlist(£i,2)
continue
close(unit=9)

130

minf = 0
maxf = int((high_freq-low_freq)/dfreg)
stepf = 1

Print *,low_freq,high_freq,dfreq
print * minf,maxf,stepf

if (nm.gt.mode_start) then
write(8,+)
print *,’'nm =’ nm,’ iz greater than the starting mode’
print ¢, ’number’, mode_start, ’'. Adjust the nm parameter’
enough_memory = .FALSE.

end if

if (mm.1lt.mode_end) then
write(6,s)
print *,’mm =’ ,mm,’ is less than the ending mode’
print #,’'number’, mode_end, '. Adjust the mm parameter’
print #,’in the common.f file’
encugh_memory = .FALSE.
end if

if ((maxf-minf+1).gt.MAX_FREQS) then

print *, 'too many frequencies, lowsr number of freq’
print », 'from ’, maxf-minf+l, ’ to less than ’,MAX_FREQS
print *, ’or increase MAX FREQS variable in the common.f file.’
encugh memory = .FALSE.

end if

it ((2*mheight+rcsz2-rcszl-1).gt.mxdp) then
print #*,’error not enough memory for RCS components’
print »,’set the parameter mxdp higher than?,

208

30
20
10

301
201
101

302
202
102

303
203
103

304
204
104

306
205
105

1

1

1

1

1

1

1

2smheight+rcsz2-reszl-1
enough_memory = .FALSE.
end if

if (.NOT.enough _memory) then
print *,’Not enough memory, must allocate more by altering’
print *,’parms in common.f file’
stop

end if

print *, ’reading in freq data’

format(F12.8, * ’, F12.8)
open(unit=9,file=’fdata/feru.dat’,status=’old’,
form=’'formatted’)
do 10 pm = mode_start,mode_snd
do 20 i = 1,2*mheight+rcsz2-rcazi-1
do 30 k = minf,maxf,stepf
read(9, *) tempr, tempi
feru(pm,i,k) = tempr + (0,1)*tempi
continue
continue
continue
close(unit=9)

open(unit=9,file=’fdata/ferv.dat’,status=’old’,
form='formatted’)
do 101 pm = mode_start,mode_end
do 201 i = 1,2*mheight + rcsz2 - rcszi - 1
do 301 k = minf,maxf,stepf
read(9, *) tempr, tempi
ferv(pm,i,k) = tempr + (0,1)+tempi
continne
continue
continue
close(unit=9)

open(unit=9,file=’'fdata/fezu, dat’, status=’o0ld’,
form=’formatted’)
do 102 pm = mode_start,mcde_end
do 202 i = 1,2%*mheight + rcsz2 - rcszl - 1
do 302 k = minf ,maxf,stepf
read(9, *) tempr, tempi
fozu(pm,i,k) = tempr + (0,1)stempi
continue
continue
continue
close{unit=9)

open{unit=9,file=’fdata/fezv.dat’,status=’old’,
form=’formatted’)
do 103 pm = mode_start,mode_end
do 203 i = 1,2*mheight + rcsz2 - reszl - 1
do 303 k = minf,maxf,stept
read(9, *) tempr, tempi
fezv(pm,i,k) = tempr + (0,1)*tempi
continue
continue
continue
close(unit=9)

open{unit=9,file=’fdata/fephiu.dat’,status='old’,
form=’formatted’)
do 104 pm = mode_start,mode_snd
do 204 i = 1,2¢mheight + rcsz2 - rcszl - 1
do 304 k = minf,maxf,stepf
read(9, *) tempr, tempi
fephiu(pm,i,k) = tempr + (0,1)stempi
continue
continue
continue
close{unit=9)

open{unit=9,file="fdata/fephiv.dat’,status=’o0ld’,
form='formatted’)
do 105 pm = mode_start,mode_end
do 205 i = 1,2%mheight + rcsz2 - rcszl - 1
do 305 k = minf,maxf,stepf
read(9, *) tempr, tempi
fophiv(pm,i,k) = tempr + (0,1)stempi
continue
continue
continue
close{unit=9)

open(unit=9,file='fdata/fhru.dat’,status=’old’,
form='formatted’)
do 106 pm = mode_start,mode_snd
do 206 i = 1,2%mheight + rcsz2 - reszl - 1
do 306 k = minf,maxf,stepf
read{(f, *) tempr, tempi
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fhru(pm,i,k) = tempr + (0,1)#tempi 1 einc(1:MAX_FREQS),
306 continue 1 At, Bscat_phi A, Escat_phi B, Escat_phi_C, Ap, A, uniti, I1i,
206 continue 2 I3, I5, c1, 2, 3, ¢4, ¢5, RCSc, eincec
106 continue complex ferup, fervp, fephiup, fephivp, fezup, fezvp,
close(unit=9) 1 fhrup, fhrvp, fhphiup, fhphivp, fhzup, fhavp
open{unit=9,file=’fdata/fhrv.dat’,status=’o0ld’, character filnam*1024, frmt»30
1 form='formatted’) integer ilen
de 107 pm = meds_start,mode_end
de 207 i = 1,2*mheight + rcsz2 - rcszl - 1 parameter (PDIV=1.0,uniti=(0.0,1.0),kps_tole=1.0e-7}
de 307 k = minf,maxf,stepf
read(9, *) tempr, tempi write(6,*) ’Calculating RCS...’
fhrv(pm,i, k) = tempr + (0,1)stempi
307 continue ilen = index{dbase,’ ’) - 1
207 continue write(frmt,’'(a2,i4,a4)*) ’(a’,ilen,’,aB)’
107 continue write(filnam,frmt)dbase,'/rcs.dat’
close{unit=9)
open{unit=9,file=’rcs.dat’,status='unknown’,form=’formatted’)
open{unit=9,file='fdata/fhzu.dat’, status=’o0ld’, open{unit=12,file='scat.dat’,status='unknown’,form=’formatted’)
1 form='formatted’)
do 108 pm = mode_start,mode_end CasxsxSome reference points to define
do 208 i = 1,2%mheight + rcsz2 - rcszl -~ 1 Cesxxspt_21 index of first point of integral i
do 308 k = minf,maxf,stepf Cx*sx4pt_z2 index of last point of integral A
read(8, *) tempr, tempi Ckessspt_rB index of first point of integral B -left side
thzu(pm,i, k) = tempr + (0,1)*tempi Cessrapt_rBO index of last point of integral B -left side
308 continue Cx*»xxpt_rC index of first point of integral ¢ -right side
208 continue Cxessapt_rCO0 index of last point of integral C -right side
108 continus
close(unit=9) pt_xB = 1
pt_rB0 = mheight
open{unit=9,file='fdata/fhzv.dat’,status=’old’, pt_zl = mheight
1 form="'formatted’) pt_z2 = mheight + rcsz2 - reszi
do 109 pm = mode_start,mode_end Cs#s4+low point (i.e. right side botom cormner)
do 209 i = 1,2*mheight + rcsz2 - rcszl - 1 pt_rC = 2smheight + rcsz2 - reszl - 1
do 309 k = minf,maxf,stepf Ce##xahigh point (i.e. right side top corner)
read(9, *) tempr, tempi pt_rC0 = mheight + rcsz2 - recszl
fhzv(pm,i,k) = tempr + (0,1)stempi
309 continue print »,pt_rB,pt_rBO,pt_z1,pt_z2,pt_rC,pt_xC0O
209 continue
108 continue do 1 freq_index = 1,MAX_FREQS
close{unit=9) einc(freq_index) = 0.0
1 continue
open(unit=9,fila=’fdata/fhphiu.dnt’,ututus=’old’,
1 form=’formatted’) C##*#4Calculats DFT of incident field for RCS calculation.
do 110 pm = mode_start,mode_end do 5t = 1,8
do 210 i = 1,2*mheight + rcsz2 - rcszl - 1 targ = (t»dt-gd)+(rcszisdz*cos(inc_ang)+10sdz*sin(inc_ang))/c
do 310 k = minf,maxf,stepf tomp={ (Ehg**2)+(Evg*+2))*(1/(sqrt (2+pi)) ) rexp(-(targs*2.0)/
read(9, *) tempr, tempi 1 ({sdev)*%2.0)}*((sin(2+pi*modfreq*targ))*modulatet
fhphiu(pm,i,k) = tempr + (0,1)+*tempi 2 abs (modulate-1))*5.0
310 continue
210 continue do 8 freq_index=minf,maxf,stepf
110 continue c tempfreq = low_freq + freq_index*dfreq
close(unit=9) tempfreq = freqlist(freq_index,1)
c print *,tempfreq
open{unit=9,file=’fdata/fhphiv.dat’,statns=’0ld’, sinc(freq_index)=einc(freq_index)+temp*exp(2#+pi*uniti*
1 form=’formatted’) 1 tempfragedtst)sdt
do 111 pm = mods_start,mode_end 8 continue
do 211 i = 1,2*mheight + rcsz2 - rcszl - 1 5 continue
do 311 k = minf,maxf,stepf
read(9, *) tempr, tempi do 10 freq_index=minf,maxf,stepf
fhphiv(pm,i,kX) = tempr + (0,1)*tempi < print *,minf,maxf,freq._index
311 continue eince = einc(freq_index)
211 continue eincsq = (abs(einc(freq_index)))»*2.0
111 continue c kvave = ((low_freq+freq_index+*dfreq)/c)»(2#pi)
close(unit=9) kwave = (freqlist(freq_index,1)/c)#*(2+pi)
if (calc_bist) then
print #, ‘Currently you are calculating the RCS at’,maxf-minf+l dp_kwave = kwave
print *, ’‘frequencies. Enter the new step size (1 for all frag):?’ dutheta = dtheta
read(5,%) stepf else
[ print *,freq_index,mono_nang,int((freq_index-1)/
return c 1 ((mono_nang+1)/2) ) +1
ond dp_kwave = (freqlist(mono_freq_ind(int({freq_index-1)/
1 ({mono_nang+1)/2))+1),1)/c)*(2+pi)
G LIS tempang = dtheta*(freq_index-mono_freq_ind(int{(freq_index
C Calculate far-field E and H fislds using Huygens’ Principle ¢ 1 -1)/{{mono_nang+1)/2))+1})
C LLE L] ressrrasererl lou_theta = real(inc_ang/pi®180-tempangs2)
high theta = real(inc_ang/pi*180+tempang+*2)
subroutine calc_rcs dutheta = high_thsta-low_thsta
if (abs(dutheta).lt.sps) dutheta = 1.0
implicit none < print =, ,dtheta,tempang,low_theta, high theta,
include ’common.f’ < 1 (inc_ang/pi*180+low_theta)/2.,
c 2 (inc_ang/pi*180+high_theta)/2.
real besselj, kvave, rho, kps, ¢z, RCS, RCSDB end if
real obs_phi, obs_theta, eincsq, temp, targ
real cosp, sinp, cost, sint, sinmp, cosmp, PDIV, tempfreq do 20 obs_phi=low_phi,high_phi,dphi
integer pt_rB, pt_rBe, pt_z1, pt_22, pt_rC, pt_xrC0,t,phase_2 sinp = ain(oba_phi/180%pi)
integer pt_index, freq_index, mode_index cosp = cos(obs_phi/180#pi)
real dp_kwave, dutheta, tempang, dp_obs_theta do 30 obs_theta=low_theta,high_theta,dutheta
real kps_tole if (calc_bist) then
dp_obs_theta = obs_theta
complex Escat_theta_A, Escat_theta B, Escat_theta C, alse

209
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dp_
end if
sint =
cost =

obs_theta = (inc_ang/pi*180+obs_theta}/2.0

sin(obs_theta/180%pi)
cos(obs_theta/180+*pi)

CosssxnurrssxssInitialize integral values

Escat_
Escat_
Escat _
Escat _
Escat_
Escat_

do 40

theta_A 0
phi_A =
theta B
phi_B =
theta_C
phi_C =

oC0oOQCQCoCO
< o

Qo H o N

mode_index = nm,mm

sinmp = sin{mode_index*obs_phi/180*pi)

cos

mp = cos(mode_index#*obs_phi/180*pi)

CossersrrnrsssnswssThree different integrals to evaluate

c3
c4

= 2spi*exp(uniti*mode_index*1.6*pi)
= 2+pi*exp(uniti*{mode_index+1)*1.5%pi)

CosresrerrrssrsrssrIntogral A: 21 --> 22 -center integral at x0

55
60

tho
kps

= (mheight - 1) * dz
= kwave * rho * sint
if (abs(kps).lt.kps_tole) then
if (mode_index.eq.1) then
11=0.0
I3=pi
16=pi
else
11=0.0
13=0.0
15=0.0
end if
if (mode_index.sq.0) then
T1=2+pi
end if
alse
c2 = 2.0spisunitismode_index/kps
¢5 = c2%exp(unitismode_index*1.5+pi)
I1 = c3*besselj(kps,mode_index)
I3 = c4*bhesselj(kps,mods_indsx+1)+ch#
bessalj(kps,mode_index)
I5 = c5sbesselj(kps,mode_index)
end if
50 pt_index = pt_zi,pt_z2

ferup = far“(moda_indox,pt_index,froq_index)tcosmp
+forv(mode_index,pt_index,freq_index)*sinmp

fervp = ferv (mode_index,pt_index ,fruq__index) *cosmp
-feru(mode_index,pt_index,freq_index)*sinmp

fezup = fezu(mode_index,pt_index,freq_index)*cosmp
+fozv(mode_index,pt_index,freq_index)+sinmp

fezvp = fezv(mode_index,pt_index,freq_index)*cosmp
-fezu(mode_index,pt_index,freq_index)#sinmp

fephiup = fephiu(mode_index,pt_index,freq_index)*
cosmp+fephiv(mode_index,pt_index,freq_index)#*
sinmp

fephivp = fephiv(mode_index,pt_index,freq_index)»
cosmp-fephiu(mode_index,pt_index,freq_index)#*
sinmp

fhrup = fhru(mode_index,pt_index,freq_index)*cosmp
+thrv(modo_indox,pt_index,frsq_index)tsinmp

fhrvp = fhrv(mode_index,pt_index,freq_index)#cosmp
-fhru(mode_index,pt_index,freq_index)*sinmp

fhzup = fhzu(mode_index,pt_index,freq_index)*cosmp
+fhzv(mode_index,pt_index,freq_index)*sinmp

fhzvp = fhzv(mode_index,pt_index,freq_index)*cosmp
-fhzu(mode_index,pt_index,freq_index)*sinmp

fhphiup = fhphiu(mode_index,pt_index,freq_index)e
cosmp+fhphiv(mode_index,pt_index,freq_index)+
sinmp

fhphivp = thphiv(mod._indnx,pt_indcx,ftnq_ind.x)‘
cosmp-fhphiu(mode _index,pt_index,freq_index)s
sinmp

do 55 phase_z = 0, (int(PDIV)-1)

cz = (rcszl+pt_index-pt_z1)»dz+phase_z»dz/PDIV
¢l = exp(-unitis*kvave*cz¥cost)

Escat_theta_A = (dz/PDIV)#rhosci*(-eint*thphiup
#c3sbesselj(kps, mode_index)+fezup+I3+
cost*fhzvp*15)+Escat _theta_i

Escat_phi_A = (dz/PDIV)srhoscle(-fhzup*I3-sint+
fephiup*c3shesselj(kps,mode_index)+cost#

fezvp*16)+Escat_phi_A

continue

continue

CreansesxssesssesxIntagral B: 0 --> r0 -left integral at z1

60

cz
cl

do

= reszirdz
= exp(-unitiskwave*cz*cost)

60 pt_index = pt_rB, pt_rBO

forup = feru(mode_index,pt_index,freq_index)*cosmp
+ferv(mode_index,pt_index,freq_index)*sinmp

forvp = ferv(mode_index,pt_index,freq_index)=*cosmp
-feru(mode_index,pt_index,freq_index)#*sinmp

fezup = fozu(mode_index,pt_index,freq_index)#*cosmp
+fezv(mode_index,pt_index,freq_index)*sinmp

fozvp = fezv(mode_index,pt_index,freq_index)=*cosmp
-fezu(mode_index,pt_index,freq_index)#*sinmp

fophiup = fephiu(mode_index,pt_index,freq_index)*
cnsmp+fophiv(mode_indsx,pt_indsx,freq_index)'
sinmj

fephivp = fephiv(mode_index,pt_index,freq_index)#*
cosmp-fephiu(mode_index,pt_index,freq. index)*
sinmp

fhrup = fhru(mode_index,pt_index,freq_index)=*cosmp
+fhrv(mode_index,pt_index,freq_index)*sinmp

fhrvp = thrv(modo_indsx,pt_index,freq_index)tcosmp
—-fhru(mode_index,pt_index,freq_index)*sinmp

fhzup = fhzu(mode_index,pt_index,freq_index)scosmp
+fhzv(mode_index,pt_index,freq_index)*sinmp

fhzvp = fhzv(mode_index,pt_index,freq_index)*cosmp
-fhzu(mode_index,pt_index,freq_index)*sinmp

fhphiup = fhphiu(mode_index,pt_index,freq_index)*
cosmp+fhphiv(mode_index,pt_index,freq_index)#*
sinmp

fhphivp = fhphiv(mode_index,pt_index,freq_index)s
cosmp-fhphiu(mode_index,pt_index,freq_index)*
sinmp

rho = (pt_index-1)edz
kps = kwave * rho # sint
print *,obs_theta,kps,sint

if (abs{kps).1t.kps_tole) then
if (mode_index.eq.1) then
I1=0.0

end if
if (mode_index.sq.0) then
I1=2#pi
end if
else
c2 = 2.0spisuniti*mode_index/kps
c5 c2sexp(uniti®mode_index*1.5%pi)
I1 c3vbesselj(kps,mode_index)
I3 = c4sbesselj(kps,mode_index+1)+c5*
besselj(kps,mode_index)
I6 = c5*besselj(kxps,mode_index)
end if

Escat_theta B = -dz*rho*ci*(-cost*fhphiup*I3-ferup
*I3-cost#fhrvp*I5+fephivp*I5)+Encat _theta B

Escat_phi_B = -dz*rhosci*((fhrup-cost*fephiup)+*I3+
(-fhphivp-cost*fervp)+I5)+Escat_phi_B

continue

CrernrsskrsrrkssssIntogral C: 0 --> r0 -right integral at z2
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€z = rcsz2+dz

cl

= exp(-unitiskwave*cz*cost)

do 70 pt_index = pt_rCO, pt_xC

ferup = feru(mode_index,pt_index,freq_index)*cosmp
+ferv(mode_index,pt_index,freq_index)*sinmp

fervp = ferv(mode index,pt_index,freq_index)<cosmp
-feru(mode_index,pt_index,freq_index)*sinmp

fazup = tezn(moda_indox,pt_indox,treq_indax)‘cosmp
+fozv(mode_index,pt_index,freq_index)ssinmp

fezvp = fezv(mode_index,pt_index,freq_index)scosmp
-fezu{mode_index,pt_index,freq_index)*sinmp

fephiup = fephiu(mode_index,pt_index,freq_index)*
cosmp+fephiv(mode_index,pt_index,freq_index)s=
sinmp

fephivp = fephiv(mode_index,pt_index,freq_index)*
cosmP-fophiu(modc_index,pt_indox,freq_index)t
sinmp

fhrup = fhru(mode_index,pt_index,freq_index)*cosmp



D.1. BOR FD-TD PROGRAM

1 +fhrv(mode_index,pt_index,freq_index)#*sinmp
fhrvp = fhrv(mode_index,pt_index,freq_index)*cosmp
1 -fhru(modo_index,pc_index,freq_index)tsinmp
fhzup = fhzu(mode_index,pt_index,freq_indax)'cosmp
1 +fhzv{mode_index,pt_index,freq_index)*sinmp
fhzvp = fhzv(mode_index,pt_index,freq_index)*cosmp
1 ~fhzu({mode_index,pt_index,freq_index)*sinmp
fhphiup = thphiu(mode_index,pe_indax,freq_index)t
1 cosmp+fhphiv(mode_index,pt_index,freq_index)=*
1 sinmp
fhphivp = fhphiv(mode_index,pt_index,freq_index)*
b cosmp-fhphiu(mode_index,pt_index,freq_index)*
1 sinmp

rho = {pt_rC-pt_index)*dz
kps = kwave * rho * sint

if (abs(kps).lt.kps_tole) then
if (mode_index.eq.1) then
I1=0.0

end if
if (mode_index.eq.0) then
I1=2#pi
end if
else
¢2 = 2.0*pituniti*mode_index/kps

cb = c2%exp(uniti*mode_index*1.5+pi)
It = c3*besselj(kps,mode_index)
I3 = c4*bezselj(kps,mode_index+1)+chbw
1 besselj{kps,mode_index)
15 = c5*besselj(kps,mode_index}
end if

Escat_theta_C = dz*rho*ci*(-cost+fhphiup*I3-ferup*

1 I3-cost¥fhrvpsIS+faphivp*I5)+Escat_theta C
Escat_phi_C = dz*rho*ci*((fhrup-cost*fephiup)*I3+
3 (-fhphivp-cost*fervp)+I5) +Escat_phi_C
70 continue
C FTe e
40 continue

At = Escat_theta_A + Escat_theta B + Escat_theta_C
Ap = Escat_phi_A + Escat_phi B + Escat_phi_C

A4 = At»((costucostscosp+sint*sint)*Ehgt(cost*sinp)+Evg)
1 +Ap*({-cost*sinp)*Ehg+cosp*Evg)

RCSc = ((kwave#®2)#(A#*2))/(4.0%pi*eincc#*2)
RCS = ((kvave»*2)»({abs(A)})»*2))/(4.0+piveincsg)
if (abs(RCS).1t.le-7) then

RCSDB = -200.0
else

RCSDB = 10*ALOG10(RCS)
end if

write(9,*) dp_kwave,obs_phi,dp_obs_theta,RCSDB,
1 abs(RCS5c) ,atan2(imag(RCSc) ,real (RCSc))

30 centinue
20 continue
10 continue

99  format(F25.15,’ ’,F26.15)

close (unit=9)
close(unit=12)
raturn

end

The following, lib.f, contains several out-
put subroutines including those to generate an
FD-TD movie.

- .. sean

¢ This is the library file for the BOR program. It contains ¢
¢ many of the subroutines needed to run the BOR FDTD program ¢
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aoaoo0oaaon

SUBROUTINE PLOTB(X,Y,N,NC,NR)

WRITTEN 2/14/74 BY J. M. PUTNAM DEPT 220 X23877

THL

500

o

504
507
508
3002

S ROUTINE PRODUCES A LINEAR XY PLOT.

N IS THE NUMBER QOF POINTS TO BE PLOTTED.

KR IS THE NUMBER OF ROWS TO BE USED FOR THE Y-AXIS.

NC IS THE NUMBER OF COLUMNS TC BE USED FOR THE X-AXIS.
KOTE, NC-1 MUST BE DIVISIBLE BY 10 AND LESS THAN 102.

REAL X(161),Y(161) ,HEAD(10)
INTEGER LINE(101),BLANK,STAR
DATA BLANK,STAR /1H ,1H+/
N10=(NC-1)/10

WRITE(S,500)

FORMAT(//,17H1BODY CDORDINATES)
WRITE(9,504)

XMIN=X(1)

XMAX=X(1)

YMIN=Y(1)

YMAX=Y(1)

D0 6 I=1,N

IF(X(I).LT.XMIN) XMIN=X(I)

IF (X(I).GT.XMAX) XMAX=X(I)
IP(Y(I).LT.YMIN) YMIN=Y(I)}
IF(Y(I).GT.YMAX) YMAX=Y(I)
CONTINUE

DEL=XMAX-XMIN
IF(YMAX-YMIN.GT.DEL) DEL=YMAX-YMIN
XMAX=XMIN+DEL

YMAX=YMIN+DEL

D0 &5 I =1,N10

z=1
HEAD(I)=(XMAX-XMIN)=*Z/N10+XIMIN
DY=(YMAX-YMIN)/ (NR-1)

Z=YMAX+DY

YL=Z-DY/2.

DO 7 J=1,NR

D0 8 K=1,NC

LINE(K)=BLANK

Z=Z-DY

YU=YL

YL=Z-DY/2.

D0 9 I=1,N

IF(Y(I).GE.YU) €0 TO 9
IP(Y(I).LT.YL) 60 T0 9
K=(X(I)-XMIN)/(XMAX-XMIN) *(NC-1)+1.5
IF(K.GT.NC) K=NC

LINE(K)=STAR

CONTINUE

VRITE(9,508) Z,(LINE(K),K=1,NC)
CONTINUE

WRITE(9,504)

WRITE(9,3002)

WRITE(9,507) XMIN, (HEAD(I),I=1,N10)

RETURN

FORMAT ( 1X, 14(1H-), 1H., 10(SH----.), 1H- )
FORMAT (10X,11(F10.4))

FORMAT (1X, F12.4,1X, 1HI, 51&1, 1HI )
FORMAT(4X,7HRB / ZB,4X,1HI,5(9X,1KEI))

END

¢ setups the display for the EM "movie"

subroutine aotup_movio(totutsps)

implicit none

include 'common.f?
character*72 mhname, mfname
integer totsteps

open(unit=4,filesmfname,status=’nnknown’,form="formatted’)
open(unit=7,file=mhname,status~’unknown’,form='formatted?’)

*##¢ variables for wrtraw movie generator il
#** need to call rv2pnm on raw files to process s#»

base=’/willow/home/pacheco/movie_data/frame’

write(4,+) maxz
write (4,81) ’'new.image’
vrite(7,296) maxz, maxr, 64, totsteps, 'new.image.Z’

urite (7,*) 1
write (7,81) ’a !
write (7,81) 'b ?
close(unit=7)
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format (a)
format(i4,x,i4,x,12,x,i4,x,a)

return
end

R e e P T DT )

¢ subroutine to select display for er, ez, or ephi field c
¢ based on input movie_ num c
ET T T (TS ETTI T

o

a 06000000

subroutine movie(mode,ms)

implicit none
include
integer mode,ms

logical b

character a(1:mz+2%pmldepth)

’common.f!

it (movie_type.eq.1) THEN
if (movie_num.eq.1) call movie_gen{erphil,srzl,erphir,erzr,

1 erphit,erzt,er,4*ms,mode,a)

if (movie_num.eq.2) call movie_gen{ezphil,ezrl,ezphir,ezrr,
1 ezphit,ezrt,ez,6+ms, mods,a)

if {(movie_num.eq.3) call movie_gen(ephirl,ephizl,ephirr,ephizr,
1 ephirt,ephizt,ephi,2*ms,mode,a)

if (movie_num.eq.4) call movie_gen(hrphil,hrzl,hrphir,hrzr,

1 hrphit,hrzt,hr,7+ms,mode,a)
if (movie_num.eq.5} call movie_gen(hzphil,hzrl,hzphir,hzrr,
1 hzphit ,hzrt,hz,9*ms,mode ,a)
if (movie_num.eq.6)} call movie_gen(hphirl,hphizl,hphirr, hphizr,
1 hphirt,hphizt ,hphi,11*ms,modes,n)
END IF

b=movie_type.eq.2.0R.movie_type.eq.3

if (b.AND.time.gt.0) THEN
if (movie_num.eq.l) call wrtraw(erphil,erzl,erphir,erzr,
1 erphit,erzt,er,4*ms,mode,a)
if (movie_num.eq.2) call wrtraw(ezphil,ezrl,ezphir,ezrr,
1 ezphit,ezrt,ez,6*ma ,mode,a)
if (movie_num.eq.3) call wrtraw(ephirl,ephizl,ephirr,ephizr,
1 sphirt,ephizt,ephi, 2*ms,mode,a)
END IF

return
end

P P P LTI L LY P
¢ subroutine to display a "movie" of the Electric or <
c magnetic fields with N time steps: this does the Er field ¢

subroutine movie_gen(eabl,sacl,eabr,eacr,eabt,eact,en,inceq,
1 mode,a)

implicit none
include ’common.f’

real maxtest

character a(l:maxz)

real eabl(1l :pmldepth+1 ,O:pmldcpth+mt+1) .
esacl(1:pmldepth+1,0:pmldepth+mr+1),
eabr(1:pmldepth+1,0:pmldepth+mr+1),
sacr(1:pmldepth+1,0:pmldepth+mr+1),
eabt (1:mz,1:pmldepth+1),
eact(1:mz,1:pmldepth+1),
ea{l:mz,1:mr)

DWW N

real inc,gquad

logical imside

integer i,k,ia,inceq,mode

integer nsplit,ns,l

integer hlevels,numcolorsi,center,topcolor,nctshift,ngray
topcolor: location of top of colorbar
numcolorsl: 1 less than # of colors in colorbar
parametesr (numcolors1=128, topcolor=243)
nctshift: = color table shift
paramster{nctshift = topcolor-numcolorsi}
parameter(ngray = topcolor-numcolorsi-1}
parameter (hlevsls=numcolorsi/4)

parameter (centsr = 2shlevels + 0.5)

character frmt*30

write(frmt,’'(al,i4,a6)’) *(’, (maxz), ’(a1))’
maxtest = -1.0
do b0 i=maxr,1,-1

do 60 x=1,maxz
if (abs{ea(k,i)).gt.maxtest) maxtest =
if (acattot(k,i).ne.15) then

abs(ea(k,i))

c inc = -gquad(0.0,2#*pi,inceq,mode,time*dt, (i-1)=dz,
< 1 k*dz,inc_ang)
inec = 0.0
ia=int ({inc+ea(k,i))*hlevels+center+0.5)
slzse
ia=int (ea(k,i)*hlevels+center+0.5)
end if
if (ia .1t. 0) ia=0
if (ia .gt. numcolorsl) ia=numcolorsi
a(k)=char(ia+nctshift)
60 continus
write(4,frmt) a
50  continue
print *,’'maxtest=’ maxtest
return
end
¢ The subroutine floors a real number, ie truncates it c
integer function floor(x)
implicit none
real x
integer temp
if (x.1t.0) then
temp = x
floor = temp - 1
else
floor = int(x)
end if
return
end
¢ The subroutine swaps two integer numbsrs c
Ld ]
subroutine swap(i,j)
implicit none
integer temp,i,j
temp=i
i=j
j=temp
return
and
¢ The subroutins swaps two real numbers <

subroutine swapr{i,j)

implicit none
real temp,i,j

temp=i
i=j
j=temp

return
end

The following, besselj.f, contains the sub-

routine for calculating bessel functions of inte-

ger
the

order and real arguements that is used by
BOR FD-TD and BOR PWE programs.

c BESSELJ computes bessel function of the first kind, order n, for

[

real argument x. Uses fortran numerical recipe routines.

212

real function besselj{x,n)
implicit none

real x,bessjO,bessjl,bessj
integer n



D.1.

BOR FD-TD PROGRAM

c

11

12

c

c

if (n.eq.0) besselj=bassjO(x)
it (n.eq.1) besselj=bessjl{x)
if (n.gt.1) besselj=bessj(n,x)
besselj = 0.01

RETURN
END

(€} Copr. 1986-92 Numerical Recipes Software ]2+r9,6)!.
PUNCTION bessj(n,x)
INTEGER n,IACC
REAL bessj,x,BIGND,BIGNI
PARAMETER (IAGC=40,BIGNO=1.010,BIGNI=1.0-10)
USES bessj0,bessjl
INTEGER j,jsum,m
REAL ax,bj,bjm,bjp,sum,tox,bessjO,bessjl
if(n.1t.2)pause ‘bad argument n in bessj’
ax=abs (x)
if (ax.eq.0.)then
bessj=0.
else if(ax.gt.float(n))then
tox=2./ax
bjm=bessjO(ax)
bj=bessji(ax)
do 11 j=1,n-1
bjp=j*tox*bj-bjm
bjm=bj
bj=bjp
continue
bessj=bj
else
tox=2./ax
m=2%((n+int (sqrt (£float (IACC*n))))/2)
bessj=0.
Jaum=0
sum=0.
bjp=0.
bj=1.
do 12 j=m,1,-1
bjm=j*tox*bj-bjp
bjp=bj
bj=bjm
if (abs(bj).gt.BIGNO) then
bj=bj*BIGNI
bjp=bjp*BIGNI
bessj=bessj*BIGNI
sum=sum*BIGNI
endif
if (jsum.ne.0)sum=sum+bj
jsum=1-jsum
if(j.eq.n)bessj=bjp
continue
sum=2. ¢sum-bj
bessj=bessj/sum
endif
if(x.1¢.0..and.mod{(n,2).6q.1)bessj=-bess)
return
END
{C) Copr. 1986-92 Numerical Recipes Software J2+r3,6)!.

FUNCTION bessjO(x)
REAL beszsjO,x
REAL ax,xx,z
DOUBLE PRECISION pi,p2,p3,p4,pb,ql1,92,93,94,95,r1,r2,r3,r4,r5,r6,
*s51,52,83,34,36,86,y
SAVE p1,p2,p3,p4,pr5,91,92,93,94,95,r1,r2,r3,r4,r5,r6,51,s2,53, 14,
*35,36
DATA p1,p2,p3,p4,p5/1.d0,-.1098628627d-2, .2734510407d-4,
*-.20733706394-5, . 20938872114-6/, qi,q92,93,94,95/-.1562489996d-1,
*.1430488766d-3,-.6911147651d-5, .7621095161d-6,-.934945152d-7/
DATA r1,r2,r3,r4,r6,r6/67568490674.d40,-13362590354.40,
*651619640.7d0,-11214424.1840,77392.33017d0,-184.9052456d0/, 51,52,
*33,84,35,56/567568490411.40,1029532985.40,9494680.71840,
+59272.6485340,267.853271240,1.40/
if (abs(x).1t.8.)then
y=x*a2
bessj0=(ri+ys(r2+y* (xr3+y*(rd+y* (xb+y*r6)))) )/ (si+ys(s2+y*(a3+y*
*(s4+y»(sb+y*s6)))))
else
ax=abs(x)
z=8./ax
y=z#s2
xx=ax-.785398164
bessjO=sqrt(.636619772/ax)*(cos(xx)*(pl+y*(p2+y*(p3+y*(pi+y*
*p5))) ) -zesin(xx)«(ql+y*(q2+y*(q3+y*(q4+y*q5)))))
endif
return
END
(C) Copr. 1986-32 Numerical Recipes Software ]}2+r9,6)!.

FUNCTIOK bessjt(x)
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REAL bessji,x

REAL ax,xx,z

DOUBLE PRECISION pi,p2,p3,p4,p5.91,92,93,94,95,r1,r2,r3,r4,r5,r6,
*51,52,53,84,35,56,y

SAVE p1,p2,p3,p4,p5,q1,92,93,94,95,r1,r2,r3,r4,r5,r6,51,82,83,54,
»85,86

DATA r1,r2,r3,r4,r5,r6/72362614232.40,-7895059235.40,
*242396853.1d0,-2972611.439d40, 15704 .48260d0,-30.16036606d0/,s1,s2,
*83,34,s5,56/144725228442.40,2300635178.40, 18583304.74d0,
+99447.43394d0,376.999139740,1.40/

DATA p1,p2,p3,p4,p5/1.40,.183105d-2,-.3516396496d-4,
+.2457520174d~5,~.2403370194-6/, qi1,92,93,q4,95/.04687499995d0,
*-.2002690873d-3, .8449199096d-5,-.88228987d-6, . 105787412d4-6/

if(abs(x).1t.8.) then

yEx»*2
bassjl=x»(ri+ys(r2+ys (r3+y* (x4+y*{r5+y*r6)))) )/ (s1+y*(s2+y*»(s3+
ey*(sd+y*(35+y*s6)))))

else

ax=abs(x)

z=8./ax

y=ze*2

xx=ax-2.356194491

bessji=sqrt (.636619772/ax)* (cos(xx)*(pl+y* (p2+y* (p3+y*(pa+y*
*p5))))-z*sin(xx)*(ql+y*(q2+y*(q3+y*(qd+y*q5}))))*sign(i.,x)

endif

return

END

C (C) Copr. 1986-92 Numerical Recipes Software ]2+r9,6)!.

The following, common.f, is used to create

the common blocks that are included in most

of the subroutines used by the BOR FD-TD
program.

c This is the common fils for the BOR FD-TD program. It contains
c all the global variablas and constants used in the program

integer mz, mr, maxpt, MAX_FREQS, mm, mxdp, nm, MAXCP,
1 MAX_STAIR_NODES, MAX_Z_CELLS, MAX_R_CELLS, MAX_RCS_NODES,
2 MAX_NODES

Cs»#2+x ADJUSTABLE PARAMETERS TO ALLOCATE MEMORY NEEDED

parameter(mz = 650)
parameter (MAX_Z_CELLS = mz)
parameter (mr = 300)
parametor (MAX_R_CELLS = mr)
paramster (maxpt = 1300)
parametsr{nm = 0)
parameter{mm = 10)
parameter (mxdp = 800)
paramster (MAX_FREQS = 106)
parameter {MAXCP = 4*maxpt)
parameter (MAX_STAIR_NODES=1460)
parameter (MAX_RCS_NODES=mxdp)
parameter (MAX_NODES=maxpt)

Cx*x+x D0 ROT CHANGE BELOW

real sigma max,dz,freq,len,tole, dt, sdev
real Ehg,Evg,gd,modfreq,maxf_v,inc_ang,obj_height
real low_freq,high_freq,dfreq,sim_duration

real eta, mu, eps, ¢, pi

logical enough_memory

integsr N, time, pmlidepth, NP, maxz, maxr,modes,ps
integer movie_num,movie_type,nframe,gquad_count,mheight
integer modulate,rcszl,rcsz2,minf,maxf,stepf

integer eqset_start, eqset_end, mode_start, mode_end

cresrrred cells in total field region
integer xtot_sp, ytot_sp

cssssssd cells in =mcattered field region
integer xscat_sp, yscat_sp

cells bet
integer xhuy_sp, yhuy_sp

total fields and Huygens’ surface
cesssexsd colls from object to PML region
integer xall_sp, yall_sp

cesssssnxall_sp = xtot_sptxscat_sp
cresrxsxryall_sp = ytot_sptyscat_sp

character bases80
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character*72 fnamein, dnamefdata, mhname, mfname,
1 dbase

parameter (c=2.99792468E8, mu=1.25663706144E-6)
parameter (pi=3.1415926635, eps=8.8541874E-12,eta=376.73031)
parametex (pmldepth=15)

parameter (tole=1e-12)
Csxwsx  Geometry readin routine parameters and variables.

C#+#»+ RB,ZB: translated points; RBa, ZBa: original data points
real RBa(1:maxpt), ZBa(maxpt)

real RBt(1:maxpt), ZBt(maxpt)

real RB(maxpt), ZB(maxpt)

Cs+#3+  Parmmeters giving starting position of the target.
integer start_z,end_z,end_r
parameter(start_z = 40, end_z=mz-40,end_r=mr-40)

integer accessk, accessi, accesst
pa.rametor(accessk=1 ,accessi=2,accesst=3)

integer actype, acll, acl2, ack, acNPi, ack, aci
integer acz, acr, YES, NO, YES_RIGHT, YES_LEFT
parameter(actype=1,acl1=2,acl2=3,ach=4,acNPi=5)
parameter(ack=6, aci=7, acz=8, acr=9)

parameter (YES=1, NO=0, YES_RIGET=2, YES_LEFT=3)

integer conform_gridi(1:mz,1:mr)

real conform_list(1:9,MAXCP)

integer borrow_list(1:4,MAXCP), listcount
intsger ezt, ezb, erl, err
parameter(ezt=1,ezb=3,erl=4, err=2)

integer parallel, perp
parameter{parallel=2,perp=1)

C*#s+x  Variables for conformal Hz field.
Cxsmss  uging X, i, t

integer conform_hz(1:3,MAXCP), EQZERO_HZ, STRETCH_BZ, SC_HZ,
1 hzcount, conform_hzi(1l:mz,1:mr)

real conform_hz_length(MAXCP)
parameter (EQZERO_HZ=1, STRETCH_HZ=2, SC_HZ=3)

Csexss  Variables and parameters for conformal Hr field.

integer conform_hr(1:3,MAXCP), EQZERO_HR, SRIGHT_HR, SLEFT_HR,
1 hrcount, conform_hri(i:mz,1:mr), SLEFT_HR_DC, SRIGHT_HR_DC,
2 SRIGHT_HR_IC, SLEFT_HR_IC

real conform_hr_length(MAXCP)
parameter (EQZERO_HR=1, SRIGHT_HR=2, SLEPT_HR=3, SRIGHT_HR_DC=4,
1 SLEFT_BR_DC=5, SRIGHT_HR_IC=6, SLEFT_HR_IC=7)

integer srf,ezf,ephif hrf,hzf,hphif,hzfo,hrfo,ezsc,ersc
parameter (exf=1,ezf=2,ephif=3,hrf=4,hzf=5, hphif=6,hzfo=7)
parameter (hrfo=8, ezsc=9,ersc=10)

integer ephi_conformi{1:mz,1:mr), ephicount, conform_ephi(1:3,
1 MAXCP)

integer ez_conformi(1:mz,1:mr), er_conformi(i:mz,1i:mr)
integer staircase(6:7,1:MAXCP),staircount
integer total_nodes, stair_node_count,

1 stair_zerc(1:MAX_STAIR_NODES,1:3)

integer movie_step
logical store_movie, use_conformal, use_stair2

integer errorcount, exrors(10),
1 NODE_ERROR, MAX_Z_ERROR, MAX_R_ERROR, MAX_STAIR_ERROR,
2 MAX_RCS_ERROR

parameter (NODE_ERROR=1, MAX_Z_ERROR=2, MAX_R_ERROR=3,
1 MAX_STAIR_ERROR=4, MAX_RCS_ERROR=5)

[

Cexxxs Cells in the free space region

real er{l:mz,1:mr), ez(l:mz,1:mr)
real ephi(i:mz,1:mr), hr(l:mz,i:mr)
real hz{(1:mz,1:mr), hphi(i:mz,1i:mr)

C ##»s#sNote: the array scattot indicates whether the cell is in a
C whsssd scattering field points dictated by picture. see chart in
C sesaxn README file. Tot Fields: 2-9, 14; Scat Fields: 1,11,12,15

integer scattot{l:mz, 1l:mr)

C »»exxxColls

real

erz1(1:pmldepth+1,0:pmldepth+mr+1)

real ephizl(1l:pmldepth+1,0:pmldepth+mr+1)

real
real

ozrl(1:pmldepth+1,0:pmldepth+mr+1)
hrzl(1:pmldepth+1,0:pmldepth+mr+1)

real hphizl(1:pmidepth+1,0:pmldepth+mr+1)

real

hzrl(1:pmldepth+1,0:pmldepth+mr+1)

real erphil{1:pmldepth+1,0:pmldepth+mr+1)
real ephirl(i:pmldepth+1,0:pmldepth+mr+1)
real ezphil{l:pmldepth+1,0:pmldepth+mr+1)
real hrphil(l:pmldepth+1,0:pmldepth+mr+1)
real hphirl{(l:pmldepth+1,0:pmldepth+mr+1)
real hzphil(l:pmldepth+1,0:pmldepth+mr+1)

in left Region of PML (includes top-bottom left cormers)

C #*44+4Cells in the right Region of PML (incl. top-bot right cornmers)

real

erzr(1:pmldepth+1,0:pmldepth+mr+1)

real ephizr{l:pmldepth+1,0:pmldepth+mr+1)

real
real

ezrr(1:pmldepth+1,0:pmldepth+mr+1)
hrzr(1:pmldepth+1,0:pmldepth+mr+1)

real hphizr(1l:pmldepth+1,0:pmldepth+mr+1)

real

hzrr(1:pmldepth+1,0:pmldepth+mr+1)

real erphir(l:pmlidepth+1,0:pmldepth+mr+1)
real ephirr{1l:pmldepth+1,0:pmldepth+mr+1)
raeal ezphir(1l:pmldepth+1,0:pmldepth+mr+1)
real hrphizr{1:pmldepth+l,0:pmldepth+mr+1)
real hphirr{1l:pmldepth+1,0:pmldepth+mr+1)
raal hzphir{1l:pmldepth+1,0:pmldepth+mr+1)

C #xs442Ce]lsn

real

erzt(1:mz,1:pmldepth+l)

real ephizt(1l:mz,1:pmldepth+1)

Teal
raal

ezrt(1:mz,1:pmldepth+1)
hrzt(1:mz,1:pmldepth+1)

real hphizt{1l:mz,1:pmldepth+l)

real

real erphit(1:mz,
real ephirt(l:mz,
real ezphit(1l:mz,
real hrphit(i:mz,

hzrt(1:mz,1:pmldepth+1)

o

:pmldepth+1)
:pmldepth+1)
;pmldepth+1)
:pmldepth+1)

- e

real hphirt(i:mz,1:pmldepth+1}

real hzphit(i:mz,

c

-

:pmldepth+1)

req: ¥ p ts

in the top Region of PML (no cormers)

C #esses mxf = maximum number of frequencies to store.
C 3> 1m = maximum numbsr of modss to stors.
C s#ssssmxdp = maximum number of points to calculate far-field with.

real low_phi, high phi, dphi,

integer num_frags
complex feru(nm:mm,1:mxdp,1:MAX_FREQS),

MR OO N® oD W e

forv(nm:mm,1:mxdp,1:MAX_FREQS),
fephiu(nm:mm,1:mxdp,1:MAX_FREQS),
fephiv(nm:mm,1:mxdp,1:MAX_FREQS),
fezu{nm:mm, 1:mxdp,1:MAX_FREQS),
fozv(nm:mm,1:mxdp,1:MAX_FREQS),
fhru(nm:mm,{:mxdp,1:MAX_FREQS),
fhrv{nm:mm, 1 :mxdp,1:MAX_FREQS),
fhphiu(om:mm,1:mxdp,1:MAX_FREQS),
fhphiv(nm:mm,1:mxdp,1:MAX_FREGS),
fhzu(nm:mm, 1:mxdp,1:MAX_FREQS),
fhzv (nm:mm,1:mxdp,1:MAX_FREQS)

real freqlist(1:MAX_FREQS,1:2)
c*sssss gives the starting index in freqlist of extra freqs for
csssss¢ use in approximating the monostatic RCS

integer mono_freq_ind(1:MAX_FRE(QS), mono_nang

logical calc bist

C ssxxsxCommon Block

common
common
common
common
common
common
common
common
common
common
common
common

conmon
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N,time,NP,sigma_max,RB,2B,dz,sdev,freq,len,er,ephi,ez
hr,hphi,hz,erzl,exrphil,ephizl,ephirl,ezrl, ezphil hrzl
hrphil,bphizl,hphirl,hzxl, hzphil ,movie_num,movie_type

low_theta, high_theta, dtheta

erzr,erphir,ephizr,ephirr, ezrr,ezphir,hrzr,hrphir
hphizr,hphirr,hzrr,hzphir,erzt,erphit,sphizt,ephirt
ezrt,ezphit,hrzt hrphit,hphizt hphirt, hzrt, hzphit
scattot,maxz,maxr,dt,obj_height,sim duration, zbt, rbt
zba,rba,modes,ps,gd,base ,nframe,inc_ang, low_theta

gquad_count ,mheight ,modfreq,low_freq,high_freq,dfreq

modulate,maxf_v, rcszl, rcsz2, low_phi, high phi

dtheta, dphi, er_conforml,enough memory,high_theta

feru, ferv, fhzu, fhzv, fephiu, fephiv, fezu, fezv
common fthru, fhrv, fhphin, fhphiv,minf, maxf, stepf,

conform_list, borrow_list, listcount,

conform_hz

store_movie
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common calc_bist, mono_freq_ind, mono_nang, Ehg, Evg

common hzcount, conform hz length, conform gridi,

conform_hz1

common conform_hr, conform hri, hrecount, conform hr_length

common ephi_conforml, ephicount, freqlist,

common corform_ephi,staircase,staircount,fnamein,
common mhname, mfname, dbase, ez_conforml

num_freqs
dnamefdata

common egset_start, eqset_snd, mode_start, mods_snd, movie_step

common use_conformal, use_stair2

common total_nodes, stair_node_count, stair_zero,
1 errors

common xtot_sp, ytet_sp, xscat_sp, yscat_sp,
1 xhuy_sp, yhuy_sp, xall_sp, yall_sp

errorcount,

215
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D.2 2D FD-TD Program for
TE Mode

The 2D FD-TD program calculates monostatic
or bistatic radar cross sections of PEC two di-
mensional objects of arbitrary shape for the
TE mode. Similar to the BOR FD-TD pro-
gram, bistatic signatures are calculated exactly
while monostatic signatures are estimated us-
ing the monostatic bistatic equivalence prin-

ciple, and both can be calculated over an ex-

tended bandwidth. The user can specify whether

or not to include an infinite ground plane. If
the ground plane is included the first point
defining the PEC object is assumed to be flush

with the ground plane.

The following, fdtd_2d.f, contains the sub-
routines used for reading in the input parame-
ters from the user.

*s THIS is the E polarization or V¥V code.

* 2D-FDTD CODE:

» This program computes the EM scattering in two dimensions. It
* assumes that objects and EM fields have NO variation in the z-
hd direction

* 2 2 »

program fdtd_2d

implicit none
integer menu_choice
10 write(6,*)
write(6,*)
write(6,s) ’1

'What would you like do?’
FDTD, WRITE FREQ, RCS’

write(6,#) ’2 = FDTD, RCS’
write(6,*) ’3 = READ FREQ, RCS’
write(6,*) ’'4 = FDTD’

read(5,#) menu_choice
if (menu_choice.lt.1.0R.menu_choice.gt.4) goto 10

if (menu_choice.eq.1) then
call get_ primary_input
call get_rcs_output_ranges(.FALSE.)
call init_fields
call init_freqs
call fdtd_loop(.TRUE.)
call write_out_freqs
call calc_rcs
else if (menu_choice.eq.2) then
call get_primary_input
call get_rcs_output_ranges(.FALSE.)
call init_fields
call init_freqs

call
call
elss if
call
call
call
elss if
call
call
call
end if

fdtd_loop{.TRUE.)

calc_rcs

(menu_choice.eq.3) then
read_in_freqs
get_rcs_output_ranges (. TRUE.)
calc_rcs

(menu_choice.eq.4) then
get_primary_input

init_fields
fdtd_loop(.FALSE.)

END

EEEEBEERRRRRES AN whah

¢ GET_PRIMARY_INPUT gets info from user about geomfile nams, incident

c

wave, duration of simulation, output file names (including movie)

EEUSENEREN
SUBROUTINE get_primary_input

SITEITT L
implicit none
include ’common.f’

character*72 geomfile,mhname, mfname
integer movie_test, ground_plane_test

write(6,*) ’get_primary_input’

write(6,’ (’ '*Enter geometry file name: '', $)’)
read(5,+) geomfile

write(6, '(’’#Include ground plane? (i=Y,2=N}: *’, $)')
read(5,*) ground_plane_test

include_ground_plane = (ground_plane_test.eq.l)
write(6,’ (’’+Enter number of time steps to run: ’’, $)’)
read(5,*) tot_time_steps

write(6,’(*'*Store for movie? (1=Y, 2=N)}: *', §)°’)

read(5,+) movie_test
store_movie = (movie_test.eq.1)

it (store_movie) then
write(6,’(’’#Movie hesader name:
read(5,*) whname
write(6,7(’'*Movie imgfile name: ’’, $)’}
read(5,*) mfname

17,$)7)

write(6,’ (' ’#Number of time steps between each frame: ’'’, $)’)
read(5,*) movie_step

end if

write(6,’(’’#»Enter incident angle in degrees: ’'’, $)’)

read(5,*) inc_ang

write(8,’ ('’+Enter modulation frequency (O=unmodulated): '7,$)?)

read(5,*) modfreq

if (abs(modfreq).lt.tole) then
modulate = 0

elsze
modulate = 1

end if

call setup_geomstry(geomfile)
it (store_movie) call setup_movie(mhname,mfname)

RETURN
END

¢ GET_RCS_OUTPUT_RANGES gets info from user about what angles and freqs

c

to calc the RCS for.

216

100

SUBROUTINE sst_rc!_output_rnngo:(akip_!d)

implicit none
include ’common.f’

integer nang, fi, mi
logical skip_fd
real low_freq, dfreq, high freq

write(6,*) ’get_rcs_out_ranges’

if (.NOT.skip_fd) then

write(8,*)

write(5,%) 1. Calculate bistatic RCS for multiple fregs’
write(6,*) ’2. Estimate monostatic RCS versus angle for one freq’
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write(6,’(’’+Enter your choice: ’’,$)’)
read(6,*) mono_bi
if (mono_bi.ne.1.AND.mono_bi.ne.2) goto 100
else

mono_bi = 1
end if

if (momo_bi.eq.1) then

c*sssess calculate bistatic RCS for multiple fregs...

10

if (.NOT.skip_fd) then
write(6,’(’’+Enter lowest frequency of interest: ’’,$)’)
read(5,*) low_freq

write(6,'(’'+Enter highest frequency of interast: ’’,$)’)

read(5,*) high_freq
it (abs{low_freq-high_freq).gt.tole) then

write(6,’('’*Enter the number of frequencies: *’,$)}’)
read(5,*) num_fregs

if (num_freqs.gt.MAX_FREQS) then
write(6,*) ’'Error. Number of freqs must be ’,

1 ’less than ', MAX_FREQS, ’ or raise ’,
2 'MAX_FREQS parmaster’
write(6,+)
goto 10
end if
minf = 1

maxf = num_freqs
dfreq = (high_fregq-low_freq)/{num_freqs-1.0)

do 20 fi = minf, maxf
freqlist(fi,1) = low_freq + dfreg*(fi-1.0)

c*sDafine type as normal RCS freq

20

freqlist(£fi,2) = 0
continue

stepf = 1
else
freqlist(1,1) = low_freq

c*»*Define type ms normal RCS freq

freqlist(1,2) = 0
num_freqs = 1

minf = 1
maxf = 1
stepf = 1
end if
elss
write(6,*) 'Currently you are calculating the RCS at ’,
1 num_freqs, ’ between ', freqlist(1,1),’ and ’,
2 freqlist(num_frsqgs,1),’. Enter the new step’,
3 * (1 for all).?

read(5,*) stepf
end if

c#sxs3+s Read in angles at vhich to calculate 2D RGS

200

write(8,*) ’Bistatic RCS angles (in degrees)’
vrite(6,’(’’*Enter initial and final phi: ’’,$,$)}?)
read(5,*) low_phi,high phi
if (includs_ground_plane) then
if (low_phi.1t.0.0R.high_phi.gt.180) then
write(6,*)
write(6,+) ’'#%

write(8,*) ’'Error. With ground plane, only upper half’

write(6,*) ’plane results valid. Phi must be between’
write(6,*} ’0 and 180 degs. Re-snter angles.’
write(6,#*}
goto 200
end if
end if

if (abs(low_phi-high_phi).1t.tole) then
dphi = high_phi-low_phi+1.0
else
write(6,!(’’+Enter number of angles: '?,$)’)
read(5,*) nang
dphi = (high_phi-low_phi)/ real{nang-1.0)
end if

alse

cesswxes Here goes all input info for mono estimation routines.

99

low_phi = 1
high phi = 1
dphi = 1

vrite(6,99) int(inc_ang-46),int (inc_ang+45)

format{'Monostatic RCS angles range: ’,I3, ’ to ’, I3,
1 ? in one degree increments.’)

write(6,%) ’Enter lowest frequancy of interest.’
read{5,*) low_freq
write(6,*) ’Enter highest frequency of interest.’
read(5,*) high_freq

if (abs(high_freq-low_freq).gt.tole} then
30 write(6,*) ‘Enter the number of frequencies.’
read(5,*) num_freqs

if ({MNANG#num_freqs).gt.MAX_FREQS) then
write(6,%) ’Error. Number of freqs must be ’,

1 ’less than or equal to ', MAX_FREQS/MNANG,
1 > or raise the MAX_FREQS parametex’
write(6,*)
goto 30
and if
else
num_freqs = 1
end if
minf = 1

maxf = nun_freqs*MNANG
print * minf,maxf
stepf = 1
if (num_freqs.ne.i) then
dfreq = (high_freq-low_freg)/(num_freqs-1.0)
else
dfreq = 0.0
end if

do 50 fi = i,num_freqs
do 40 mi = 1,MNANG
fraglist (ANANG*(fi~1)+mi,1) = (low_freq+dfreqs*

1 (£i-1.0))*(1/cos((mi-46.0) *pi/180))

< print »,freqlist(MNANG*(fi-1)+mi,1)
freqlist (MNANG(fi-1}+mi,2} = mi

40 continue
50 continue

end if

RETURN

END

The following, setup.f, contains the sub-
routines used for setting up the computational
domain as well as the staircase representation

of the target.

c#**% This is the E polarization or VV code.

¢ SETUP_GEOMETRY reads in geometry file and setups up staircase model.

SUBROUTINE setup_geometry(gsomfile)

implicit none
include ’common.f’

characters72 geomfile

integer xstair(1:MAX_STAIR_NODES),

1 yatair(1:MAX_STAIR_NODES), index, round, spacing, current_x,

2 current_y, xcomp, ycomp, xdir, ydir, dx, dy

real max_x_node, max_y_node, min_x_nods, min_y_node,
1 slops, offset, dist_to_line

parameter{spacing = 40)
write(6,*) ’Setting up geometxry...'
errorcount = 0

c*#ss Read geometry file in.

open{unit=10,file=geomfile, status='unknown’,form='formatted’)

read(10,*) delta

read(10,*) total_nodes

if (total_nodes.gt.MAX_NODES) then
errorcount = errorcount+t
errors{errorcount) = NODE_ERROR
call memory_check

end if

do 10 index=1,total_nodes
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read(10,+) xnodes(index), ynodes(index)
continue
close(unit=10)

Scale, position, and round object
max_x_node = xnodes(1)/delta
max_y_node = ynodes(l)/delta
min_x_nods = xnodes(1)/delta
min_y_.node = ynodes(i)/delta

do 20 index=1,total_nodes
xnodes{index) = xnodes{index)/delta
if (xnodes({index).gt.max_x_node) max_x_node=xmnodes(index)
if (xnodes(index).lt.min_x_node) min_x_node=xnodes(index)
ynodes{index) = ynodes(index)/delta
if (ynodes(index).gt.max_y_node) max_y_node=ynodes(index)
if (ynodes(index).lt.min_y_node) min_y_node=ynodesz(index)
continue

If including ground plmne, object will bs horizontally centered
but not vertically centered. This allows the user to define
exactly how high above the ground plane the object is.

If no ground plane, object will be horizontally and vertically
centered.

if (include_ground_plane) then

max_x = round(2.0*spacing + max_x_node - min_x_node)
max_y = round(l.0#spacing + max_y_node) + 1
else
max_x = round(2.0*spacing + max_x_node - min_x_node)
max_y = round(2.0*spacing + max_y_node - min_y_node)
end if

if (max_x.gt.MAX_X_CELLS) then
errorcount = errorcount+l
errors{errorcount) = MAX_X_ERROR
end if

if (max_y.gt.MAX_Y_CELLS) then

errorcount = errorcount+1l
errors(errorcount) = MAX_Y_ERROR
end if

if (include_ground_plana) then
do 31 index=1,total_nocdes
xnodes(index) = round{(xnodes(index) - min_x_node) + spacing
ynodes{index) = round{(ynodes(index}) + 1
continue
else
do 30 index=1,total_nodes
xnodes{index) = round(xnodes(index) - min_x_node) + spacing
ynodes{index) = round(ynodes(index) - min_y_node) + spacing
continue
end if

define tot/scat field boundary points and setup fields
xi=spacing-5
if (include_ground_plane) then
yi =1
elsa
yl=spacing-5
end if
x2=max_x-spacing+b
y2=max_y-spacing+b

Generate a staircase model by digitizing each line segment.
Estimate total number of staircase nodes needed.

dx = 0

dy = 0

do 50 index=1,total_nodes-1
dx = dx + int(abs(xnodes(index)-xnodes(index+1)))
dy = dy + int(abs(ynodes(index)-ynodes(index+1)))
continue
extra point needsd for first point
dy=dy+1i

if ((dx+dy).gt.MAX_STAIR_NODES) then
stair_node_count = dxt+dy

errorcount = errorcount+i
errors{arrorcount) = MAX_STAIR_ERROR
end if

call define_tot_scat

stair_node_count = 1
xstair(stair_nods_count} = int(xnodes(1))
ystair(stair_node_count) = int(ynodes(1))

do 40 index=1,total_nodes-1
slope = {ynodes(index+1)-ynodes(index))/(xnodes(index+1)-
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xnodes{index))
offset = ynodes(index)-slope*xnodes(index)

int (xnodes(index))
int (ynodes (index))

current_x =
current_y =
stair_node_count = steir_node_count

if (current_x.ne.int (xnodes{index+1)).0R.
current_y.ne.int(ynodes(index+1))) then

int (xnodes(index+1))-current_x
int (ynodes{index+1))-current_y

xcomp =
ycomp =

if (xcomp.ne.0) then
xdir = int(abs(xcomp)/xcomp)
else
xdir = ¢
end if
it (ycomp.ne.0) then
ydir = int(abs(ycomp)/ycomp}
else
ydir = 0
end if
stair_node_count = stair_node_count + 1
if (xdir.ne.0.AND.ydir.ne.0) then
if (dist_to_line(-slope,1.0,0ffset,real(current_x+xdir),
real{current_y))}.1t.dist_to_line(-slops,1.0,0ffset,
real(current_x),real(current_y+ydir))) then

current_x+xdir
current_y

xstair(stair_node_count) =
ystair(stair_node_count) =
current_x = current_xtxdir
else
xstair(stair_node_count) =
ystair(stair_node_count) =
current_y = current_yt+ydir
end if
else
xstair(stair_node_count) = current_x+xdir
ystair(stair_node_count) = current_y+ydir
current_x = current_x+xdir
current_y = current_y+ydir
snd if

current_x
current_y+ydir

goto 100
end if
continue

if ({dx+dy) .ne.stair_node_count) then
write(8,*) ‘estimate = ’, dx+dy
write(6,+) ‘actual = ’, stair_nods_count
end if

Row take digitized line & figure out which fields to set to zero
call ganetats_tm_stair_model(xstnir,ylcnir,stair_node_cnunt)

open{unit=10,file='stair.dat’,status=’unknown’,
form='formatted')

do 1000 index=1,stair_node_count
write(10,*) xstair(index), ystair(index)

continue

close (unit=10)

Calculate some important variables

Time Step based on 2D stability requirements
dt = 0.86+(delta/c/sqrt(2.0))

¥Width of the Gaussian Pulse
width = 2#sqrt(8.0)/(pi*(c/15/delta-modfreq))
if (width.gt.(50*dt) .DR.width.1t.(0.0)) then
WXite (6,%) 7HERss st s s e aner ks sl et st t kAR S RERRRENRRRI RN )

it (width.1t.(0.0)) then

write(6,*) ’Mod freq too high for grid resolution’

else
srite(6,*) 'Mod freq implies too large a width’
write(6,*) ’width/dt=’, width/dt

end if

write(6,#) ’Enter new modulation frequency (O=unmodulated)’

read(5,*) modfreq

it (abs(modfreq).lt.tole) then
modulats =

olse
modulate = 1

end if

goto 300
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cHREE

end if

The maximum sigma needed in the PML regions
reflection = -40.0
sigma_max = -reflections3/eta/40./0.434294481903/(PML_DEPTH*delta)

RETURN
END

REXBEMRBARREIREESER RS RB K

¢ INIT_FIELDS initializes all fields in normal and PML regionms to zero.

20
10

40
30

60
50

80
70

100
80

120
110

140
130

160
150

SUBROUTINE init_fields

implicit none
include ’common.f’

integer i,j
write(6,*) ’Initializing field data...’
do 10 i=1,max_x

do 20 j=1,max_y
hx(i,j) = 0.0

hy(i,j) = 0.0
ez(i,j)} = 0.0
continue
continue

do 30 i=1,max_x
do 40 j=1,PML_DEPTE
ezxtt{i,j) = 0.0
ezytt(i,j) = 0.
hxxtt(i,j) = 0.
hyytt{i,j) = 0.
continue
continue

oo

do 60 i=1,max_x
do 60 j=1,PML_DEPTH
ezxbb(i,j) = 0.0
ezybb(i,j) = 0.0
hxxbb(i,j} = 0.0
hyybb(i,j} = 0.0
continue
continue

do 70 i=1,PML_DEPTH
do 80 j=1,max_y

ezxrr(i,j) = 0.0
ezyrr(i,j) = 0.0
hxxrr{i,j) = 0.0
hyyrr{i,j) = 0.0
continue
continus

do 90 i=1,PML_DEPTH
do 100 j=1,max_y
ezx11(i,j) = 0.
ezyll(i,j) = 0.
hxx11(i,j) = 0.
hyyll(i,j) = 0.
continue
continue

oo oo

do 110 i=1,PML_DEPTH
do 120 j=1,PML_DEPTH
ezxtr(i,j) = 0.0
ezytr(i,j) = 0.
hxxtr(i,j} = 0.
hyytr{i,j) = 0.
continue
continue

o o0

do 130 i=1,PML_DEPTE
do 140 j=1,PML_DEPTE
ezxtl(i,j) = 0.
ozytl(i,j) = 0.
hxxtl(i,j) = 0.
hyytl(i,j) = 0.
continue
continue

o oo o

do 150 i=1,PML_DEPTH
do 160 j=1,PML_DEPTE
ezxbr(i,j) = 0.
ezybr(i,j) = 0.
hxxbr(i,j) = O.
hyybr(i,j) = 0.
continue
continue

oo C
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do 170 i=1,PML_DEPTH
do 180 j=1,PML_DEPTH
ezxbl(i,j) = 0.0
ezybl(i,j)} = 0.
hxxbl{i,j} = 0.
hyybl{i,j) = 0.
180 continue
170 continue

o oo

RETURN
END

¢ INIT_FREQS initializes all freq field comps to zero.

T

E T L Y R e e e T ]

SUBROUTINE init_fregs

implicit norne
include ’commen.f’

integer fi, k, k2, ytemp

write(6,*) ’Initializing frequency data...’
do 10 fi=minf,maxf,stepf
if (include_ground_plane) then
ytemp = 4»y2+2%(x2-x1)-4+8*rcs_space+l
else
ytemp = 2#(y2~y1)+2#(x2-x1)+8%rcs_spacetl
end if
do 20 k=1, ytemp
ezfreq(fi k) = 0.
hxfreq(fi,k) = 0.
hyfreq(fi,k) = 0.
20 continue
do 30 k2=1,stair_node_count
JIsfreq{fi,k2) = 0.0
30 continue
10 continus

(== =]

RETURN
END

LELLET 22 L]
¢ READ_IN_FREQS reads in the previously saved frequency field coumps.

SUBROUTINE read_in_freqs

implicit none
include ’common.f’

integer fi, k, num_freqs, rcs_nodes, rbeg, rend
real tempr, tempi

write{6,*) ’Reading in frequency data...’
open{unit=10,file=’ezf.dat’,status=’unknown’,form=’formatted’)
open{unit=11,file=’"hxf.dat',status='unknown’,form=’formatted’)
open{unit=12,file='hyf.dat’,status=’unknown’,form='formatted’)

c*#s» Restore state
op-n(unit=13,fi1e='info.dnt’,ltatus=’unknawn’,torm=‘£ormntted’)

read(13,*) max_x
read(13,*) max_y
read(13,*) delta
read(13,+) dt

read(13,*) tot_time_steps
read(13,») x1,y1,x2,y2
read(13,*) inc_ang
read(13,*) modulate
read(13,*) modfreq
read(13,*) delay
read(13,+) width
read(13,») include_ground_plans
read(13,*) num_freqs

cress Agsuming bistatic calculation
mono_bi = 1
do 30 fi = 1, num_freqgs
read(13,*) freqlist(fi,1)
freqlist(fi,2) = 0O
30 continus

close(unit=13)

cost = cos(inc_ang*pi/180)
sint = sin{inc_ang*pi/180)
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if (abs(freqlist(num_freqgs,1)-freqlist(1,1}).gt.tole} then
if (num_freqs.gt.MAX_FREQS) than
write(6,*) ’Error. Set MAX_FRE(}S parmeter higher.’
write(6,s)
stop
end if

minf = 1
maxf = num_freqs
stepf =1
else
num_freqs = 1
minf = 1
maxf = 1
stepf = 1
end if

if (include ground_plane) then

rbeg = y2+rcs_space

rend = 3#y2+x2-x1-2+5erca_space
else

rbeg = 1

rend = 2#(x2-x1)+2#{y2-y1)+8*rcs_space+l
end if

do 10 fi = minf,maxf
do 20 k=rbeg, rend
read(10,*) tempr,tempi
ezfreq(fi,k) = tempr + (0.0,1.0)*tempi

read(11,*) tempr,tempi
hxfreq(fi,k) = tempr + (0.0,1.0)+*tempi

read(12,*) tempr,tempi
hyfreq(fi,k) = tempr + (0.0,1.0)«tempi
continue

continue
close{unit=10)
close(unit=11)

closs{unit=12)

RETURN
END

LT

¢ DEPINE_TOT_SCAT defines each cell on the grid as either a total fisld

1

or a scattered field.

NOO0O00600Na0O000

o

-
SUBROUTINE define_tot_scat

implicit none
include ’common.f’
integer i,j

16 15 15 15 16
15 11 11

14
14
14
14
14

02,03,04,06,06,07,08,09,14 are total fields
00,01,11,12,15 are scattersd fields.
write(6,*) ’defins_tot_scat’

if (include_ground_plans) then
if ((4+y2+2#(x2-x1)~4+8*rca_space+1) .gt .MAX_RCS_NODES) then

errorcount = errorcount+i
errors{errorcount) = MAX_RCS_ERROR
end if

olse
it ((2#(x2-x1)+2¢(y2-yi)+8ercs_space+1i).gt .MAX_RCS_NODES) then

errorcount = errorcount + 1
errors{errorcount) = MAX_RCS_ERROR
end if

end if

call memory_check

20
10

80
70

30

40

50

60

180
170

do 10 i=1,max_x
do 20 j=1,max_y
tot_scat(i,j) =
continue
conrtinue

15

de 70 i=x1+1,x2-1
do 80 j=yi+1,y2-1
tot_scat(i,j) = 14
continue
continue

tot_scat(xl,yl) =
tot_scat(xi,y2) =
tot_scat(x2,y2) =
tot_scat(x2,y1) =

w BN

do 30 j=yl+1,y2-1
tot_scat (x1,j)
tot_scat(x2,j) = 7
continue

"
w

do 40 i=xi+1,x2-1
tot_scat(i,yl) =
tot_scat(i,y2)
continue

"
o0

do 50 j=yi,y2
tot_scat(x1i-1,j) = 1
tot_scat(x2+1,j) =
continue

do 60 i=x1,x2
if (.NOT.include_ground_plane) tot_scat(i,yi-1) = 0
tot_scat(i,y2+1) = 11

continue

opon(unit=14,file='totsc.dnt’,stntus=’unknown',form=’formattad')

do 170 j=y2+5,y1-5,-1
do 180 i=x1-5,x2+45
write(14,*) tot_scat(i,j)
continue
continue

close{unit=14)

RETURN
END

SETUP_INCIDENT_FIELD does some prelim calcs to prepare for using the

one-dimensional source look-up table method.

chre
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10

20

SUBROUTINE setup_incident_field

implicit nons

include ’common.f’

integer STEPS_TO_DELAY
parametex (STEPS_TO_DELAY=150)

it (abs(inc_ang-0.0).1t.tole) then

sint = 0.0
cost = 1.0

elseif (abs(inc_ang-906.0).1lt.tols) then
sint = 1.0
cast = 0.0

slseif (aba(inc_ang-180.0).1t.tole) then
sint = 0.0

cost = -1.0
elseif (abs(inc_ang-270.0).1t.tole) then

sint = -1.0
cost = 0.0
else
sint = sin((inc_ang/180.)*pi)
cost = cos((inc_ang/180.)pi)
end if

print *,inc_ang,sint,cost
calculate time delay

if (inc_ang.ge.360) then
inc_ang = inc_ang-360.0
goto 10

end if

if (inc_ang.1t.0) then
inc_ang = inc_ang+360.0
goto 20
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end if

if (inc_ang.ge.0.AND.inc_ang.1t.90) then

delay = -(x2+*deltatcost+y2sdelta*sint)/c - STEPS_TO_DELAY#*dt
1 + width/2.0
elseif (inc_ang.ge.90.AND.inc_ang.lt.lSO) then

delay = -{xl*delta*cost+y2rdelta*sint}/c - STEPS_TO_DELAY*dt
1 - width/2.0
elseif (inc_ang.ge‘iﬂo.AHD.inc_ang.1CA270) then

delay = ~(xi*delta*cost+yixdelta*sint}/c - STEPS_TO_DELAY*dt

1 - width/2.0
else
delay = -(x2*delta*cost+yl*delta*sint}/c - STEPS_TO_DELAYsdt
1 + width/2.0
end if

c##x  calculate numerical phase velocity at theta=0
ce** calculate numerical phase velocity at theta=inc_ang

RETURN
END

. RARARERKRRERB RO RS KRB RAR AR ENRARRRA KR RERENS

< SUBROUTINE SETUP_MOVIE

LT
SUBRQUTINE setup_movie (mhname,mfnams)

implicit none
include ’common.f’
character*72 mhname, mfname

open{unit=4,file=mfname,status=’unknown’,form=’formatted’)
opan(unit=7 ,file=mhname, status='unknown’,form=’formatted’)

write(4,*) min(max_x,100)

write (4,100) ’new.image’

write(7,200) min(100,max_x), min(100,max_y), 64, tot_time_steps,
1 ‘nevw.image.Z’

dummy = min(3000,max_x)
write (7,*) 1

write (7,100) ‘a ’
write (7,100) ’b
close(unit=7)

100 format{a)
200 format(i4,x,i4,x,i2,x,i5,x,a)

RETURN
END

c MEMORY_CHECK checks if enough memoxry has been allocated and reports
< all errors stored in error buffer

SUBROUTINE memory_check

implicit none
include ‘common.f?

integer i, id

if (errorcount.gt.0) then
write(§,s) * 4
write(6,%) 'Inaufficient memory to begin simulation. The’
write(6,*) ’following parameter{s) in the common.f file’
write(6,%) ’need to be adjusted:’

do 10 i=1,errorcount

id = errors(i)
write(6,*)
if (id.sq.NODE_ERROR) then

write(6,*) ’*Set MAI_NODES to at least’,total_nodes
else if (id.eq.MAX_X_ERROR) then

write(6,*) *Set MAX_X_CELLS to at least’,max_x
else if (id.eq.MAX_Y_ERROR) then

write(6,*) 'Set MAI_Y CELLS to at least’,max_y
else if (id.eq.MAX_STAIR_ERROR) then

write(6,*) ’Set MAX_STAIR_NODES to at least’,

1 stair_node_count

else if (id.eq.MAX_RCS_ERROR) then

if (include_ground_plans} then

write(6,%) 'Set MAX_RCS_HODES to at least’,

1 2#(x2-x1)+4*y2-4+8%rcs_spacetl
else
write{6,*) 'Set MAX_RCS_NODES to at least’,
1 2% (x2-x1)+2%(y2-y1) +8+rcs_space+l
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end if
end if

10 continue
write(6,*) !
stop

EEE AR AR >

end if

RETURN
END

CENEEERREIRRXRARRR AR A FEREREE RS Lt
¢ INTEGER FUNCTION ROUND returns the integer nearsst in absolute
¢ distance to the real arguement

INTEGER FUNCTION round(x)

real x, fpart
integer ipart

ipart = int(x)
fpart x-aint (x)

"

if (fpart.gt.0.5) then
round = ipart+i

else if (fpart.gt.0.0) then
round = ipart

else if (fpart.ge.-0.5) then
round = ipart

else
round = ipart-1

end if

RETURN
END

¢ REAL FUNCTION DIST_TQ_LINE returns the perpendicular distance from a
¢ point in space (x,y) to a line that is of the form Ax+By=C

REAL FUNCTIDN dist_to_line(i,B,C,x,y)

implicit none
real A,B,C,x,y

dist_to_line = abs((A*x+B*y-C)/sqrt(A+*2.0 + B**2.0))

RETURN
END

c LOGICAL PUNCTION INSIDE_PEC(xlist,ylist,x,y) returns TRUE if the point
¢ (x,y) is inside the polygon described by the points in x,y lists

LOGICAL FUNCTION inside_pec(xlist,ylist,count,px,py)

implicit none
include ’common.f’

integer count
real xlist(1:count),ylist(i:count),xpl,ypl,px,py,slope

integer maxx, minx, maxy, miny, index, above, below, connect

c##** if polygon not closed, close it.
if (xlist(1).ne.xlist(count).OR.ylist(1).ne.ylist(count)) then
connect = 0
olss
connect = -1
end if

maxx = xlist(1)
minx = xlist{1)
maxy = ylist(1)
miny = ylist(1)

do 10 index=1,count
if (x1ist(index).gt.maxx) maxx=xlist(index)
if (ylist(index).gt.maxy) maxy=ylist (index)
if (xlist(index).lt.minx) minx=xlist{(index)
if (ylist(index).lt.miny) miny=ylist(index)
10 continue

if (px.gt.maxx.0R.px.1t.minx.0R.py.gt.maxy.0R.py.1t .miny) then
inside _pec = _FALSE.
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alse

c*s** count the intersections

20

above = 0
balow = 0

do 20 index = 1,count+connect
if (index.eq.count) then
xp1 = xlist(1)
ypt = ylist(1)
else
xpt = xlist(index+1)
yp1l = ylist(index+1)
end if

it ( (abs(px-xlist(index))}.lt.tole).AND.{abs(px~
1 xlist (index+1)).1t.tole)) then

if (({py.le.ylist(index)).AND.(py.ge.ylist(index+1))).

-

2 +1})) ) then
inside_pec = .TRUE.
RETURN
end if
end if

if ( ((abs{px-xlist{index)}).1lt.tole).AND. (abs(py-

OR. ((py.ge.ylist (index)) .AND. (py.le.ylist (index

1 ylist(index)).1t.tole)).0OR. ((abs(px-xlist (index+1)).
2 1t.tole) .AND. (abs(py-ylist(index+1}).1lt.tole))) then

inside_pec = .TRUE.
RETURN
end if

if ({px.le.xlist(index).AND.px.ge.xp1).0R.
1 {px.ge.xlist (index) .AND.px.le.xp1)) then
slopes = (ylist(index)-yp1)/(xlist(index)-xp1)

if (abs{(slope*(px-xlist(index))+ylist(index})-py).

1 1lt.tole) then
inside_pec = .TRUE.
RETURN

else if ((slope*{px-xlist(index))+ylist(index)).gt.

1 py) then
above = above+l
else
below = below+l
end if
end if
continue

if (mod(above,2).eq.1.AND.mod{below,2).eq.1) then
inside_pec = .TRUE.
else
inside_pec = .FALSE.
end if
end if

RETURN
END

LTI 2T

c GENERATE_TM_STAIR_MODEL generates the TM staircase model by compiling

c

a list of all the Ez fields that need to be set to zero.

10

SUBROUTINE gensrate_tm_stair_model(xstair,ystair)

implicit none
include ’common.f’

integer xstair(1:MAX_STAIR_NODES), ystair(1:MAX_STAIR_NODES),

1 index

do 10 index = 1,stair_node_count
stair_zero(index,1) = int{(xstair(index))
stair_zero(index,2) = int{ystair(index))
stair_zero(index,3) = ez?

continus

RETURN
END

The following, calc.f, contains the core FD-
TD subroutines used in updating the fields.
It includes the implementation of Berenger’s
PML absorbing boundary condition.

c*#*This is the E polarization or VV code.

¢ FDTD_LOOP controls the flow of the wave propagations calculations
< calls neccessary subroutines including E_FIELDS, H_FIELDS, E_PML,

< and H_PNML.

It

L1 T
SUBROUTINE fdtd_loop(store_freq)

implicit none
include °’common.f’

character a(1:MAX_X_CELLS)
logical store_freq
integer time_step, movie_frame, freq_frame

*xH

open{unit=18,file=’effscat.dat’,status='unknown’,form=’formatted’)

movie_frame = 0
freq_frame = 1
max_field = 0.0
call setup_incident_field
call write_out_all_parms(stors_freq)
call memory_check
write{(6,*) 'Running simulation...’
do 10 time_step = 1,tot_time_steps
write{6,+) time_step
call h_fiaelds{time_step)
call h_pml
call e_fields(time_step)
call e_pml
call boundary_conditions
write(18,*) ez(30,50), ez(33,1)
if (store_movie) then
if (movie_tramo.eq.movie_stop) then
call write_out_movie_frame(a,time_step)

movie_frame = O
else
movie _frame = movie_frame + 1
end if
end if

if (freq_frame.eq.1) then
if (store_freq) call update_freqs(time_step)
c call Js_freq{time_step)
freq_frame = 1
else
freq_frame = freq_frame + 1
snd if
10 continue

close(unit=18)
cloge (unit=4)
c call Jsfreq_out

RETURN
END

¢ E_FIELDS updates the E field comps in the normal region.

SUBROUTINE e_fields(time_step)

implicit nons
include ’common.f’

integer time_step, i, j, ct
real t1, %2, hyinc, hxinc, hyref, hxref

do 10 i=1,max_x
do 20 j=1,max_y
ct = tot_scat(i,j)

if (i.eq.max_x) then
ti=hyyrr(1,j)
olse
t1=hy(i+1,j)
end if

if (j.eq.max_y) then
t2=hxxtt (i, 1)
slse
£2=hx(i, j+1)
end if

if (ct.eq.6.0R.ct.9q.7.0R.ct.eq.8) then
ti=t1+hyinc(i+1,j,time_step)

if (include_ground_plans) ti=ti+thyref(i+1,j,time_step)

end if
if (ct.eq.1) then
ti=t1-hyinc(i+l,j,time_step)

if (include_ground_plane} ti=ti-hyref(i+l,j,time_step)

end if

222
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if (ct.eq.4.0R.ct.eq.5.0R.ct.eq.6) then
t2=t2+hxinc(i,j+1,time_step)
if (include_ground_plane) t2=t2+hxref(i,j+1,time_step)
end if
if (ct.eq.0) t2=t2-hxinc(i,j+1,time_step)

ez(i,j)=ez(i,j)+(c*dt/delta)*((t1-hy(i,j))-(t2-hx{(i,})))
20 continue
10 continue

RETURN
END

reee RN *
c H_FIELDS updates the H field comps in the normal region.
CREEBURERRURDRN SRR R R LN TSR RA IR TR

SUBROUTINE h_fields(time_step)

implicit none
include ’common.f’

integer time_step, i, j, ct
real tl, ezinc, ezref

cxwex Hy fields AR ey
do 10 i=1,max_x
do 20 j=1,max_y
ct=tot_scat(i,j)

if (i.eq.1) then
t1=ezx11(PML_DEPTH, j) +ezy1l(PML_DEPTE, j)
else
ti=ez(i-1,j)
end if

if {ct.eq.2.0R.ct.eq.3.0R.ct.eq.4) then
ti=titezinc{i-1,j,time_step)
if (include_ground_plane) tl=tl+ezref(i-1,j,time_step)
end if

if (ct.eq.12) then

ti=ti-ezinc(i-1,j,time_step)

if (include_ground_plane) tl=tl-ezref(i-1,j,time_step}
end if

hy(i,j)=hy(i,j) + (csdt/delta)*{ez(i,j)-t1)
20 continue
10 continue

cexs» Hx fields L P P P P T
do 30 i=1 max_x
do 40 j=1,max_y
ct=tot_scat(i,j)

if (j.eq.1) then
t1=ezxbb(i,PML_DEPTH)+ezybb{(i,PML_DEPTH)
elze
tl=ez(i,j-1}
end if

cssksassss with ground plane, set correct boundary conditions.
if (ct.eq.2.0R.ct.eq.9.0R.ct.eq.8) then
it (include_ground_plane) then
£1=0.0
else
tl=tl+ezinc(i,j-1,time_step)
ond if
end if

if (ct.eq.11) then

ti=t1-ezinc(i,j-1,time_step)

if (include_ground_plane) til=ti-ezref(i,j-1,time_step)
end if

hx(i,j)=hx(i,j) - (cedt/delta)*(ez(i,j)-t1)
40 continue
30 continue

RETURN
EXND
* LL]
c E_PML updates the E field comps in the PML regions.
ceEERN ERREERARRERE XD L1

SUBROUTINE e_pml

implicit none
include 'common.f’

223

integer i,j
real cl1, ¢2, ¢3, ¢4, sigma x, sigma y
real t1, t2

cwsss Bottom Left Region (BL), sigma_x & sigma_y nonzero

do 10 i=1,PML_DEPTH
sigma_x = sigma_max#((PML_DEPTH+1.0-i)/PML_DEPTH)+*2.0
cl = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x»*delta)

do 20 j=1,PML_DEPTH
sigma_y = sigma_max+((PML_DEPTH+1.0-j)/PML_DEPTE)**2.0
¢3 = exp(-sigma_y»dt/eps)
c4 = (1-¢3)/(sigma_y=*delta)

if (i.eq.PML_DEPTH) then
t1=hyybb({1,j)

else
ti=hyybl(i+1,j)

end if

if (j.eq.PML_DEPTH) then
t2=hxx11(i,1)

else
t2=hxxbl{i, j+1)

end if

ozxbl(i,j)=cl*ezxbl{(i,j)+c2*((1/eta)*(t1-hyybl(i,j)))
ezybl(i,j)=c3*ezybl(i,j)-c4*((1/eta)*(t2-hxxbl(i,j)))
20 continue
10 continue

c#+#¥ Top Left Region (TL), sigma_x & sigma_y nonzero

do 30 i=1,PML_DEPTH
sigma_x = sigma_max+((PML_DEPTH+1.0-i}/PML_DEPTH)*#2.0
cl = exp(-sigma_x#dt/eps)
c2 = (1-c1)/(sigma_x+delta)

do 40 j=1,PML_DEPTH
sigma_y = sigma_maxs{(j+0.0)/PML_DEPTH)##2.0
c3 = exp(-sigma_y*dt/eps)
c4 = (1-c3)/(sigma_y+delta)

if (i.eq.PML_DEPTH) then
t1=hyytt(1,j)

else
t1=hyyt1l{i+i,j)

end if

if (j.sq.PML_DEPTH} then
t2=0.0

else
t2=hxxt1(i,j+1)

end if

ezxtl(i,j)=clrezxtl(i,j)+c2+{(1/eta)*(t1-hyytl(i,j)))
ozytl(i,j)=c3%ezytl(i,j)-c4*((1/eta)*(t2-hxxtl(i,j)}))
40 continue
30 continue

cesas Top Right Region (TR), sigma_x & sigma_y nonzero

do 50 i=1,PML_DEPTH
sigma_x = sigma_max*({i+0.0)/PML_DEPTH)»#2.0
cl = exp(-sigma_x+dt/eps)
c2 = (1-c1}/(nigma_x*delta)

do 60 j=1,PML_DEPTH
sigma_y = sigma_max+*((j+0.0)/PML_DEPTH)*#2.0
c3 = exp(-sigma_ysdt/eps)
¢4 = (1-c3)/(sigma_y*delta)

[

if (i.eq.PML_DEPTH) then
£1=0.0
else
ti=hyytr(i+1,j)
end if

if (j.eq.PML_DEPTH) then
+2=0.0

else
t2=hxxtr(i,j+1)

end if

ezxtr(i,j)=cisezxtr (i,j)+c2u((1/eta)*(t1-hyytr(i,j}))
ezytr(i,j)=c3*ezytr(i,j)-c4+((1/eta)*(t2-hxxtr(i,j))}
60 continus
50  continue
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c*exx Bottom Right Region (BR), sigma_x & sigma_y nonzero

do 70 i=1,PML_DEPTH
sigma_x = sigma_max»{(i+0.0)/PML_DEPTH)**2.0
¢l = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x*delta)

do 80 j=1,PML_DEPTH
sigma y = sigma_max*({PML_DEPTH+1.0-j)/PML_DEPTH}»*2.0
c3 = exp(~sigma_y+dt/eps)
¢4 = (1-c3)/(sigma_y+delta)

o

if (i.eq.PML_DEPTH) then
t1=0.0
else
t1shyybr(i+1,j)
end if

if (j.eq.PML_DEPTH) then
t2=hxxrr(i,1)

else
t2=hxxbr(i,j+1)

end if

ezxbr(i,j)=cleazxbr(i,j)+c2+((1/ata)*(t1-hyybr(i,j)))
ezybr (i, j}=c3*ezybr(i,j)-c4*({1/eta)*(t2-hxxdbr(i,j)))
80 continue
70 continue

c#++* Bottom Center Region (BB), sigmm_y nonzero

do 80 i=1,max_x
do 100 j=1,PML_DEPTH
sigma_y = sigma_max#((PML_DEPTH+1.0-j)/PML_DEPTH)#%2.0
c3 = exp{-sigma_y*dt/eps)
c4 = (1-c3)/(sigma_y*delta)

if (i.eq.max_x) then
t1=hyybr(1,j)
elze
t1=hyybb(i+1,j)
end if

if (j.eq.PML_DEPTH) then
t2=hx(i,1)

else
t2=hxxbb(i,j+1)

end if

ozxbb (i, j)=ezxbb(i,j)+{(c*dt)/delta)*(t1-hyybb(i,j))
ozybb(i,j)=c3*ezybb(i,j)-c4*((1/eta)*(t2-hxxbb(i,j)))
100 continue
80 continue

c+4+ Top Center Region, sigma_y nonzero

do 110 i=1,max_x
do 120 j=1,PML_DEPTH
sigma_y = sigma_max#((j+0.0)/PML_DEPTH)**2.0
c3 = exp(-sigma_y#dt/eps)
¢4 = (1-c3)/(sigma_yv*delta)

if (i.eq.max_x) then
t1=hyytr(1,j)
else
ti=hyytt(i+1,3})
end if

it (j.eq.PML_DEPTH) then
£2=0.0

else
t2=hxxtt (i, j+1)

end if

ezxtt(i,j)=ezxtt(i,j)+({cedt)/delta)s(t1-hyytt(i,j))
ezytt(i,j)=c3rezytt(i,j)-c4v((2/eta)*(t2-hxxtt(i,j)))
120 continue
110 continue

css#* Right Center Region (RR), sigma_x nonzero

do 130 i=1,PML_DEPTH
sigma_x = sigma_max*((i+0.0)/PML_DEPTH)#*42.0
cl = exp{-sigma_x*dt/eps)
e¢2 = (1-c1)/(sigma_x*delta)

do 140 j=1,max_y

if (i.eq.PML_DEPTH} then
t1=0.0

else
t1=hyyrr(i+1,j)

end if

i? (j.eq.max_y) then
t2=hxxtr(i,1)
else
t2=hxxrr(i,j+1)
snd if

ezxrr(i,jl=clwezxrr(i,j)+c2*((1/eta)*(ti-hyyrr(i,j)))
ezyrr(i,j)=ezyrr(i,j)-({c+dt)/delta)*(t2-hxxrr(i,j))
140 continue
130 continue

c**++ Left Center Region (LL), sigma_x nonzero

do 150 i=1,PML_DEPTH
sigma_x = sigma_max+*((PML_DEPTH+1.0-i)/PML_DEPTH)*»2.0
cl = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x*delta)

do 160 j=1,max_y

if (i.eq.PML_DEPTH) then
t1=hy(i1,j)

else
t1=hyyll(i+1,j)

end if

if (j.eq.max_y) then
t2=hxxt1(i,1)
else
t2=hxx11(i, j+1)
end if

0zx11(i,j)=c1sezx11(i,j)+c2+{(1/eta)»(t1-hyyl1l(i, j)))
ezyll(i,j)=ezyll(i,j)-((c*dt)/delta)*(t2-hxx11(i,j))
160 continue
160  continue

RETURN
END
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¢ H_PML updates the H field comps in the PML regions

LI Y -
SUBROUTINE h_pml

implicit none
include ’common.f’

integer i,j
real ¢1, ¢2, ¢3, c4, sigma x, sigma.y
real t1, t2, t3

c*+%» Bottom Left Region (BL), sigma_x & sigma_y nonzero

do 10 i=1,PML_DEPTH
sigma_x = sigma_max+*((PML_DEPTH+1.0-i}/PML_DEPTH)*+2.0
cl = exp(-sigma_x»dt/eps)
c2 = (1-c1)/(sigma_x»deltasetaseta)

do 20 j=1,PML_DEPTH
sigma_y = sigma_maxs((PML_DEPTH+1.0-j)/PML_DEPTH)*»2.0
¢3 = oxp(-sigma_y*dt/eps)
cd = (1-¢3)/(sigma_y*deltaretateta)

t1=e2xbl(i,j)+ezybl(i,j)

if (i.eq.1) then
t2=0
alse
t2=ezxbl(i-1,j)+ezybl(i-1,j)
end if

if (j.eq.1) then
$3=0
alss
t3=ezxbl(i,j-1)+ezybl(i,j-1)
end if

hyybl(i,j)=clehyybl(i,j)+c2*ata*(t1-t2)
hxxbl (i, j)=c3*hxxbl(i,j)-c4satax(ti-t3)
20 continue
10 continue

cs#se Top Left Region (TL), sigma_x & sigma_y nonzero
do 30 i=1,PML_DEPTH
sigma_x = sigma_max#*((PML_DEPTH+1.0-i)/PML_DEPTH)**2.0

cl = exp(-sigma_x*dt/eps)
62 = (1-c1)/(sigma_x*deltasetateta)

224



D.2. 2D FD-TD PROGRAM FOR TE MODE

do 40 j=1,PHML_DEPTH ti=ezxbb(i,j)+ezybd(i,j)
sigma_y = sigma_max*((j+0.0)/PML_DEPTH)#**2.0
c3 = exp(-sigma_y*dt/eps) if (i.eq.1) then
c4 = (1-¢3)/(sigma_y*deltasetaveta) t2=ezxbl (PML_DEPTH, j)+ezybl (PML_DEPTH, j}
else
ti=ezxt1(i,j)+ezytl(i,j) t2=e2xbb(i-1,j)+ezybb(i-1,3})
end if
if (i.eq.1) then
t2=0 if (j.sq.1) then
else t3=0
t2=ezxt1(i-1,j)+ezytl(i-1,j) else
end if t3=ezxbb(i,j-1)+ezybb(i, j-1)
end if
if (j.eq.1) then
t3=0zx11(i,max_y)+ezyll{i,max_y) hyybb(i,j)=hyybb(i,j)+(c*dt/delta)*(t1-t2)
else hxxbb(i,j)=c3*«hxxbb(i,j)-cd*etas(t1-%3)
t3=ezxt1(i,j-1)+ezytl(i,j-1) 100 continue
end if 90 continue
hyyt1{i,j)=cl*hyytl{i,j)+c2*etar(t1-t2) c#s*+ Top Center Region (TT), sigma_y nonzero
hxxtl{i,j)=c3*hxxt1{i,j)-cd*etas(ti-t3)
40 continue do 110 i=1,max_x
30 continue do 120 j=1,PML_DEPTH
sigma_y = sigma_max*((j+0.0)/PML_DEPTH)#+2.0
c*s*» Top Right Region (TR), sigma_x & sigma_y nonzero c3 = exp(-sigma_y*dt/eps)

¢4 = (1-c3)/(sigma_y*deltaretareta)
do 50 i=1,PML_DEPTH

gigma_x = sigma_max*((i+0.0)/PML_DEPTH)#*»2.0 tizezxtt (i, j)+tezytt(i,j)
cl = exp(-sigma_x*dt/eps)
¢2 = (1-c1)/{sigma_x*delta*eta*eta) if (i.eq.1) then
t2=ezxt1(PML_DEPTH,j)+ezyt1{PML_DEPTH, j)
do 60 j=1,PML_DEPTH else
sigma_y = sigma_max*{(j+0.0)/PML_DEPTH)#%+2.0 t2=ezxtt(i-1,j)+ezytt(i-1,j)
c3 = exp(-sigma_y*dt/eps) end if
¢4 = (1-c3)/(sigma_y*deltaxetaveta)
ti=mezxtr(i,j)+ezytr(i,j) if (j.eq.1) then
t3=ez (i, max_y)
if (i.eg.1) then alse
t2=ezxtt (max_x, j)+ezytt (max_x,j) t3=ezxtt (i,j-1)+ezytt (i, j-1)
else end if
t2=ezxtr(i-1,j)+ezytr(i-1,j)
end if hyytt(i,j)=hyytt(i,j)+(csdt/delta)*(t1-t2)
hxxtt(i,j)=c3*hxxtt(i,j)-cdretar(t1-t3)
if (j.eq.1) then 120 continue
t3=ezxrr{i,max_y)+tezyrr{i,max_y) 110 continuas
else
t3=ezxtr(i,j-1)+ezytr(i,j-1) ce#** Right Center Region (RR), sigma_x nonzero
end if
do 130 i=1,PML_DEPTH
hyytr{i,j)=cishyytr(i,j)+c2veta*(t1-t2) sigma_x = sigma_max*((i+0.0)/PML_DEPTH)»*»2.0
hxxtr{i,j)=c3*hxxtr(i,j)-cdreta*(t1-t3) ¢l = exp(-sigma_x*dt/eps)
60 continue c2 = (1-c1)/(sigma_x*delta*staseta)

50 continue
do 140 j=1,max_y
ces#% Bottom Right Region (BR), sigma_x & sigma_y nonzero
ti=ezxrr(i,j)tezyrr(i,j)
do 70 i=1,PML_DEPTH

sigma_x = sigma_max*{(i+0.0)/PML_DEPTH)#+2.0 if (i.eq.1) then
cl = exp{(-sigma_x«dt/eps) t2=ez(max_x,j)
€2 = (1-c1)/(sigma_x*delta*etarsta) else
t2=ezxrr(i-1,j)+ezyrr(i-1,j)
do 80 j=1,PML_DEPTH end if
sigma_y = sigma_maxe((PHL_DEPTH+1.0-j)/PML_DEPTH)#*#2.0
¢3 = exp(-sigma_y*dt/eps) if (j.eq.1) then
c4 = (1-c3)/(sigma_y*dsltasetaseta) t3=ezxbr(i,PML_DEPTH) +ezybr (i ,PML_DEPTH)
ti=ezxbr(i,j)+ezybr(i,j) else
t3=ezxrr(i,j-1)+ezyrr(i,j-1)
it (i.eq.1) then end if
t2=ezxbb(max_x, j)+tezybb{max_x, j)
else hyyrr(i,j)=clshyyrr(i,j)+c2*etar(t1-t2)
t2=ez2xbr(i-1,j)+ezybr(i-1,j) hxxrr(i,j)=hxxrr(i,j)-{c*dt/delta)+(t1-t3)
end if 140 continue

130 continue
if (j.eq.1) then

t3=0 cesss Left Center Region (LL), sigma_x nonzero
else
t3=ezxbr(i,j-1)+ezybr{(i,j-1) do 150 i=1,PML_DEPTH
end if sigma_x = sigma_max*((PML_DEPTH+1.0-i)/PML_DEPTH)##2.0
cl = exp(-sigma_x*dt/eps)
hyybr{i,j)=cl*hyybr(i,j)+c2%etas(t1-t2) c2 = (1-c1)/(sigma_x»deltasetareta)
hxxbr(i,j)=c3shxxbr(i,j)-c4vetas(t1-t3)
80 continue do 160 j=1,max_y

70  continue
t1=ezx11(i,j)+ezyll(i,j)
c#s#s Bottom Center Region (BB), sigma_y nonzero
if (i.eq.1) then

do 90 i=1,max_x +2=0
do 100 j=1,PML_DEPTH else
sigma_y = sigma_max+((PML_DEPTH+1.0-j)/PML_DEPTH)e*2.0 t2=ez211(i-1,j)+ezy11{i-1,3)
c3 = exp(-sigma_y*dt/eps) end if

cd = (1-c3)/(sigma_ysdeltaretareta)
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if (j.eg.1) then integer i,j,time_step
t3=ezxbl (i,PML_DEPTH)+ezybl(i,PML_DEPTH) real x, y, t, amplitude
else
t3=ezx11(i,j-1)+ezyll(i,j-1) x={i+0.5)*delta
end if y={j+0.0)*+delta-1.5+delta

t=(time_step+0.5)*dt
hyyll(i,j)=c1#hyyll(i,j)+c2setas(t1-t2)

hxx11(1,j)=hxx11(i,j)- (c*dt/delta)*(t1-13) hxinc = -sint*amplituds{(delay+t+(x*cost+y*sint)/c)
160 continue
150 continue RETURN
END
RETURN
END L1 rehen E
c REAL FUNCTION HYINC returns the value eta times the Hy incident field
bl i ¢ at the given location and time.

¢ BOUNDARY_CONDITIONS sets all the appropriate fislds in the staircase
c model to zero.

e LI RIT T REAL PUNCTION hyinc{i,j,time_step)

SUBROUTINE boundary_conditions implicit none
include ’common.f*
implicit none

include 'common.f’ integer i,j,time_step
integer index real x, y, t, amplitude
do 10 index = 1,stair_node_count x={i+0.0)*delta
if (stair_zero(index,3).eq.ezf) then y=(j+0.5)*delta-1.5*delta
ez(stair_zero(index,1),stair_zero{index,2}) = 0.0 t=(time_step+0.5)+dt
end if
10 continue hyinc = costsamplitude(delay+t+(x*cost+y*sint)/c)
cs*s+ Saet conditions for ground plane. RETURN
if (include_ground_plane) then END
do 20 index = 1,max_x
ez (index,1) = 0.0 P P an P
20 continue ¢ REAL FUNCTION EZREF returns the value of the Ez reflected field at the
end if ¢ given location and time.
P, e
RETURN
ERD REAL PUNCTION ezref(i,j,time_step)
* implicit mons
¢ GENERATE_INCIDENT_FIELD_LOOKUP_TABLE calculates the propagation of include ’common.f’
¢ the one-dimensional wave along the k-vector at the current time
¢ step that is used to calculate incident at all locations. integer i,j,time_step
* real x, y, t, amplitude
¢ SUBROUTINE generate_incident_field_lookup_table(time_step) x=(i+0.5)*delta
y=(j+0.5)*delta-1.5%delta
c implicit none t=(time_step-0.0)*dt
< include ’common.f’
ezref = -amplitude(delay+t+(x*cost-y*sint)/c)
[ integer time_step
RETURN
< RETURN END
< END
» ¢ REAL FUNCTION HXREF returns the value eta times the Hx reflected field
¢ REAL FUNCTION EZINC resturns the values of the Ez incident field at the ¢ at the given location and tims.
< given location and time. hhbddd i REREEORNE

REAL FUNCTION hxref(i,j,time_step)
REAL FUNCTION ezinc(i,j,time_step)
implicit none
implicit none include ’common.f’
include ’‘common.f’
integer i,j,time_step
integer i,j,time_step real x, y, t, amplitude
real x, y, t, amplitude
x=(i+0.5)»delta
x=(i+0.5)»delta y=(j+0.0)»delta-1.5%delta
y=(j+0.5)»delta-1.5+*delta t=(time_step+0.5)#dt
t=(time_step-0.0)*dt
hxref = -sint*amplitude(delay+t+(x*cost-y*sint)/c)
szinc = amplitude(delay+t+(xscost+yesint)/c)

RETURN
RETURN END
END
¢ REAL FUNCTION HYREF returns the value eta times the Hy reflected field
- ¢ at the given location and time.
¢ REAL FUNCTION HXINC returns the value eta times the Hx incident field hid
¢ at the given location and time.
* REAL FUNCTIOR hyref(i,j,time step)
REAL PFUNCTION hxinc(i,j,time_step) implicit nons

include ’common.f’
implicit none
include ’common.f’ integer i,j,time_step
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real x, y, t, amplitude

x=(i+0.0)*delta
y=(j+0.5)*delta-1.5*delta
t=(time_step+0.5)*dt

hyref = -cost*amplitude(delay+t+(x*cost-y*sint)/c)

RETURN
END
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¢ REAL FUNCTION AMPLITUDE returns the value of the envelope at a given
¢  space-time locations

LT .

REAL FUNCTION amplitude(x)

implicit none
include ’common.f’

real x

if (modulate.eq.1) then
amplitude = 15%exp(-{(2%sqrt(2.5)*x/width)*+2.0))*

1 sin(2#pismodfreq*x)
else
amplitude = 15%exp{-((2*sqrt(2.6)*x/width)**2.0))
end if
RETURK
END

The following, post.f, contains the subrou-
tines for performing the DFT on the fly of the
fields as well as those for computing the radar
cross sections.

EEEREES X wabkRES -
¢ UPDATE_FREQS performs the DFT on the fly along a virtual surface
c that encloses the scatterer source.

SUBROUTINE update_freqs(time_step)

implicit none
include ’common.f’

integer i, j, time_step, k, fi, ytemp
real temp, cfreq
complex tempfactor

do 10 fi = minf,maxf,stepf
if (include_ground_plane) then
k = y2+rcs_space-1i
elze
k=0
end if

< cfreq = low_freg+dfreqs (£i+0.0)
cfreq = freqlist(fi,1)

tempfactor = oxp(2.0¢pin(0.0,1.0)sdt*time_stepscfreq)
c print *,2.0+%pi*(0.0,1.0)+dt*time_step*(low_freq+
c 1 dfreq*(£i+0.0))

i = xl-rcs_space
if (include_ground_plane) then

ytomp = yi
alse
ytemp = yil-rcs_space
end if
do 20 j=ytemp,y2+(rcs_space-1)
c if (j.eq.(yl-rcs_space)) print w,k+1
k=k+1

temp = ez(i,j)
ezfreq(fi,k)=ezfreq(fi,k)+tempstempfactor

temp = 0.5¢(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxfreq(fi,k)+temp*tempfactor

temp = 0.5+(hy{i,j)+hy(i+1,j})
hyfreq(fi,x)=hyfreq(fi,k)+temp*tempfactor
20 continue

j=y2+rcs_space

do 30 i=xl-rcs_space,x2+rcs_space-1
< if (i.eq.(xl-rcs_space)) print » k+1
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k=k+1

temp = ez(i,j)
ezfreq(fi,k)=ezfreq(fi,k)+temp*tempfactor

temp = 0.5*(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxfreq(fi,k)+tempstempfactor

temp = 0.5«(hy(i,j)+hy(i+1,j))
hyfreq(fi,k)}=hyfreq(fi,k)+temp*tempfactor
30 continue

i=x2+rcs_space

if (include_ground_plane) then
ytemp = y1

else
ytemp=yl-(rcs_space-1)

end if

do 40 j=y2+rcs_space,ytemp,-1

¢ if (j.eq.(y2+rcs_space)) print =, k+i

k=k+1

temp = ez{i,j)
ezfreq(fi, k)=ezfreq(fi,k)+temp*tempfactor

temp = 0.5#(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxfreq{fi,k)+temp*tempfactor

temp = 0.6+(hy(i,j)+hy(i+1,3))
hyfreq(fi,k)=hyfreq(fi,k)+temp*tempfactor
40 continue

if (.NOT.include_ground_plane) then
j=yl-rcs_space
do 50 i=x2+rcs_space,xi-rcs_space,-1
3 if (i.eq.(x2+rce_space)) print *,k+1
k=k+1

temp = o0z(i,j)
azfreq(fi,k)=ezfreq(fi,k)+tempstempfactor

temp = 0.5%(hx(i,j)+hx(i,j+1})
hxfreq(fi,k)=hxfreq(fi,k)+temp*tempfactor

temp = 0.6#(hy(i,j)+hy(i+1,j))
hyfreq(fi,k)=hyfreq(fi,k)+temprtempfactor
50 continue
end if

10  continue

RETURN
END

¢ JS_FREQ calculates frequency components along surface of target

SUBROUTINE Js_freq(time_step)

implicit none
include 'common.f’

integsr k, sx1, syl, time_step, fi

complex tempfactor

real x(1:MAX_STAIR_KODES), y(1:MAX_STAIR_NODES), temp
logical inside_pec

do 100 k = 1,stair_node_count
x(k) = real{stair_zero(k,1))
y(k) = real(stair_zero(k,2))
100 continue

do 10 fi = minf,maxf,stepf

temptactor = exp(2.0*pi*(0.0,1.0)»dt*time_steprfreqlist(fi,l))

do 20 k = 1,3tair_node_count-1

sxl = stair_zero(k,1)
syl = mtair_zero(k,2)

if (.NOT.inside_pec(x,y,stair_node_count,sx1+0.5,8y1)) then

temp = hy(int(sx1+1),int(sy1)})
Jafreq(fi,k) = Jsfreq(fi,k) + tempstempfactor

else if (.NOT.inside_pec(x,y,stair_node_count,sxl,sy1+0.5))

1 then
temp = hx(int(sx1),int(sy1+0.5))
Jstreq(fi,x) = Jsfreq(fi,k) + temp*tempfactor

else if (.NOT.inside_pec(x,y,stair_node_count,sx1-0.5,sy1))

1 then
temp = -hy(int(sx1),int(sy1))
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Jsfreq(fi,k) = Jsfreq(fi,k) + tempstesmpfactor

else if (.NOT.inside_pec(x,y,stair_node_count,sxi,syl-0.5))

1 then

temp = -hx(int{sx1),int(sy1))
Jsfreq(fi,k) = Jsfreq(fi,k) + tempstempfactor

else
Jsfreq(fi,k) = (0.0,0.0)

end if

20 continue

10 continue

RETURN
END

¢ JSFREQ_OUT writes out surface currents on target for debugging.

- IR T 2%

SUBROUTINE Jsfreq_out

implicit none
include ’common.f’

integer k, sxi, syl, fi,indext
real phi, radius, cfreq, amplitude, time, refx, refy
complex temp, eincfreq

refx = real(max_x)}/2.0
refy = roal{max_y)/2.0

open{unit=10,file=’Js.dat’,status='unknown’,form=’'formatted’)

do 10 fi = minf,maxf,stepf
c cfreq = low_freg+dfreqe(£i+0.0)
cfreq = freqlist(fi,1)

eincfreq = 0.0
do 20 indexl = 1, tot_time_stepsa
time = (index1+0.0)*dt
sincfreq = eincfreq + amplitude(delay+time+(delta*max_x*
1 cost/2.0+deltasmax_y*sint/2.0)/c)*cexp(2.0%pis
1 (0.0,1.0)*(time*cfreq))
20 continue

do 30 k = 1, stair_node_count-1
sxl = stair_zero(k,1)
syl = stair_zexo(k,2)
temp = Jsfreq(fi,k)/eta/abs(einctreq)
c temp = Jsfreq(fi,k)
radius = sqrt({real(sxl-refx))»s2.0+(real{syl-refy))*+2.0)
phi = atan2((real(syl-refy)),(real(sxi-refx)))
writa(10,%) cfreq,radjus,phi,real(temp),imag(temp)
30 continue

10 continue

close{unit=10)

RETURN
END
TEEEEN LR LY L
¢ WRITE_OUT_FREQS writes out all freq field comp data.

SUBROUTINE write_out_freqs

implicit none
include ’common.f’

integer fi, k, rbeg, rend
complex temp

write(6,*) ‘Writing out frequency data...’

open{unit=10,file=’ezf.dat’,status="unknown’,form="formatted’)
open{unit=11,file='hxf.dat’,status=’unknown’,form='formatted’)
open(unit=12,file=’hyf.dat’,status='unknown’,form='formatted’)

cs#x* Save state
open{unit=13,file='info.dat’,status="unknown’ ,form='formatted’)

write(13,*) max_x
write(13,*) max_y
write(13,*) delta
write(13,+) dt

write(13,+) tot_time_steps
write(13,+) x1,y1,x2,y2

vrite(13,*) inc_ang

write(13,») modulate

write(13,*) modfreq

vrite(13,+) delay

write(13,%) width

vrite(13,*) include_ground_plane

write(13,*) num_fregs

do 30 fi = minf,maxf

write(13,%*) freqlist(fi,1)

30 continue

close(unit=13)
if (include_ground_plane) then

rbeg = y2+rcs_space
rend = 3%y2+x2-x1-24b*rcs_spacse

else

rbeg = 1

rend = 2#(x2-x1)+2+(y2-y1)+8+rcs_space+l
end if

do 10 fi = minf,maxf,stepf
do 20 k=rbeg,rend
temp = ezfreq(fi,k)
write(10,*) real(temp),aimag(temp)
temp = hxfreq(fi,k)
write(11,%) real(temp),aimag(temp)
temp = hyfreq(fi,k)
write(12,*) real(temp),aimag(temp)
20 continue
10 continue

close (unit=10)
close(unit=11)
close(unit=12)

RETURN
END

¢ CALC_RCS calculates the 2D RCS at the requested output locations.
ERUFEEERH AR EN RSN N NN ER R E RN AR RS

SUBROUTINE calc_rcs

implicit none
include ’common.z?’

integer fi,index1,1lc,ulc,urc,lrc, tfreq

real cfreq, kwave, sinp, cosp, phi_obs, time, cphi_obs

real xphys, yphys, amplitude, rcs, dpfreq, dkwave,iphi_obs
< real tempr, tempi

complex eincfreq, I1, I2, I3, I4, Fphi, uniti, phase, rcsi
write(6,+) ‘Camlculating RCS...’

c#*+# Dofine unit imaginary number
uniti = (0.0,1.0)

ce#*+ Redefine x1,x2,yl,y2 so that are the cormers RCS box
if (include_ground_plane) yl=-y2+2

x1 = xl-rcs_space
X2 = x2+rcs_space
y1 = yl-rcs_space
y2 = y2+rcs_space

c#»x+ Dotermine labels for corners based on update_freq
ce**# 1lc = lower left corner, ulc = upper left corner
c#sxs Irc = lowsr right corner, urc = upper right corner

cesss this one has two labels, 1, and what’s given below
1lc = 2#(x2-x1)+2¢(y2-y1)+1

ulc = y2-yi+1

urc = x2-x1+y2-yi+1

Irc = 2%(y2-yl1)+x2-x1+1

print =, x1,y1,x2,y2

print *, 1, ule, urec, lre, lle

"

c##¢s with ground plane use image theory to gen. fields for lower half
ce#s** of huygens’ surface. Equiv. to using layered Green’s functioms.
if (include_ground_plans) then
do 500 fi=minf,maxf,stepf
do 610 index1=1,y2-1
creexsxserssss Roflect left top side of Huygens’ surface down
ezfreq(fi,indexl) = -ezfreq(fi,-index1+2sy2)
hxfreq(fi,index1+1) = hxfreq(fi,-{index1+1)+2*y2+1)
hyfreq(fi,index1l) = -hyfreq(fi,-index1+2+y2)

caasssresssrss Reflect right topside of Huygens’ surface down
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ezfreq(fi,lrc-index141) = -ezfreq(fi,urc+indexi-1)
hxfreq(fi,lrc-index1} = hxfreq(fi,urc+indexi-1) do 30 iphi_obs = low_phi, high_phi, dphi
hyfreq(fi,lrc-index1+1) = -hyfreq(fi,urc+indexl-1) phi_obs = iphi_obs
510 continue if {mono_bi.eq.1) then
cHsaassedds Approximations b/c nothing to reflect cphi_obs = phi_obs
hxfreq{fi,1) = hxfreq(fi,2) else
hxfreq(fi,Irc) = hxfreq{(fi,lrc-1) phi_obs = inc_ang + freqlist({fi,2)-46.0
cphi_obs = 2#phi_obs-inc_ang
do 520 indexl=ulc+l,urc-1
ckusrsnrussrss Reflect middle top of Huygens' surface down CHEREEERER verify that we are using the correct cfreq (debug mode)
ezfraq(fi,1lc-indexl+ulc) = -ezfreq(fi,indexi) if (abs(cfreq-dpfreq*(1.0/cos({phi_obs-inc_ang)*
hxfreq(fi,llc-indexl+ulc) = hxfreq(fi,index1) 1 pi/180))).gt.tole) then
hyfreq(fi,llc-indexli+ulc) = -hyfreq(fi,index1) print *, 'srror, miscalculated frequency’
620 continue c atop
500 continue end if
end if c write(15,*) cfreq,dpfreq,phi_obs,cphi_obs
end if
open(unit=10,file=’'rcs.dat’, status="unknown’ ,form='formatted’)
open{unit=14,file=’inc.dat’,status=’unknown’,form='formatted’} cosp = cos({cphi_obs/180.0)*pi)
open{unit=15,file=’debug.dat’, status=’unknown’,form="formatted’) sinp = sin({(cphi_obs/180.0)*pi)
#+4% READ IN EXACT DATA ce#¥s Tnitialize values of integrals.
e open{unit=11,file=’ez.dat’,status=’unknoun’,form="formatted’) I1 = (0.0,0.0)
c open{unit=12,file="hx.dat’, status=’'unknown’,form='formatted’) 12 = {0.0,0.0)
c open{unit=13,file='hy.dat’, status=’unknown’,form='formatted’} I3 = (0.0,0.0)
c 14 = (0.0,0.0)
c do 200 indexl = 1, 1lc-1
c read(i1l,») tempr, tempi *nn hes L e e T A e L R LT
c ezfreq(0,index1t) = (tempr+(0.0,1.0)%tempi) INTEGRAL 4 LREL LT
¢ read(12,*) tempr, tempi . EErT T
[ hxfreq(0,index1} = (tempr+(C.0,1.0)*tempi) C+#4* Compute Integral over y2->yi at xt
c read(13,+) tempr, tempi
c hyfreq(0,indexi} = (tempr+(0.0,1.0)*tempi) do 40 indexl = 1,ulc
¢ 200 continue yphys = real(yl+index1-1)+*delta
c close{unit=11) xphys = real(x1)»delta
c close{unit=12) phase = -uniti*kwave*yphys#*sinp
c close{unit=13) if (index1.gt.((1+ulc)/2)) then
e I4 = 14 + (-hyfreq(fi,indexi) + ezfrsq(fi,indexi)*
c ezfraq(0,11s) = ezfreq(0,1) 1 cosp) #cexp{+phase)sdelta
c hxfraq(0,11c) = hxfreq(0,1) end if
c hyfreq(0,11c) = hyfreq(0,1) 40 continue
c
#ss+% END OF READING IN EXACT DATA I4 = I4*cexp(-uniti*kwave*xphysscosp)
c#*x* loop through all freqs of interest. ELTT T
INTEGRAL 3 EEETT TS
do 10 fi = minf, maxf, stepf EEEERE AL LELELL LTS
c cfreq = low_freq+dfreq+(£i+0.0) ce*r*s Compute Integral over x2->x1 at y2
ckskrsss Note 1: tfreq = 0 if normal frequency. do 60 indexl = ulc,urc
cHrERRER tfreq = i (i=1..MNANG) cfreq(46,1) contains the true yphys = real(y2)*delta
crERREEN freq. xphys = real(xl+indexl-ulc)+*delta
ckekxkks Note 2: the monostatic angles calculated are always phase = -unitiskwavesxphys*cosp
cEREEER ine_ang-45, ...., inc_ang+45 in 1 deg increments
cxsesrxs Note 3: The variables dpfreq and dkwave are determined based I3 = I3 + (-hxfreq(fi,indexl)-ezfreq(fi,index1)#*
CHERRERSR on the current frequency at which the RCS is actually 1 sinp)*cexp(+phase)sdelta
it being calculated at. 60 continue
cfreq = freqlist(fi,1) I3 = I3%cexp(-uniti*kwave*yphys+sinp)
tfreq = freqlist(fi,2)
if (tfreq.eq.0) then
dpfreq = cireq INTEGRAL 2
else wanunue
dpfreq = freqlist(46+int ((£i-1.0)/(MNANG+0.0))*MNANG,1) c*ss% Compute Integral over yi->y2 at x2
if (freqlist(46+int ((tfreq-1.0)/(MNANG+0.0))*MNANG,2) .ne.
1 46) then do 80 index1 = urc,lrc
print *, ’error, bad location of actual freq’ yphys = real(y2-indexi+urc)s*delta
end if xphys = real(x2)*delta
end if phase = -unitiskwavesyphys*sinp
if (indexi.1t.((urc+lrc)/2)) then
dkvave = 2.0spisdpfreq/c I2 = 12 + (hyfreq(fi,index1)-ezfreq(fi,index1)=*
kvave = 2.0spixcfreq/c 1 cosp)*cexp(+phase)+delta
end if
eincfreq = 0.0 80 continue
do 20 indexi = 1, tot_time_steps
time = (index140.0)*dt 12 = I2#cexp(-unitiskwavesxphysscosp)
eincfreq = eincfreq + amplitude(delay+time+(deltasmax_x*
1 cost/2.0+delta*max_y*sint/2.0)/c)*cexp(2.0*pisunitis
1 (time*cfreq)) INTEGRAL 1 rEmER
20 continue Lab bbbl b
< print *,cfreq,eincfreq c**#*» Compute Integral cver x1->x2 at yi
csss# loop through all scattering angles of interest do 100 indexl = lrc,llc
yphys = real(yl)sdelta
c***+ if mono_bi == 1, choose normal bistatic RCS angles xphys = real{x2-indexl+lrc)*delta
cHeas in this case, phi_obs and cphi_obs are equal since the reported phass = —unitis*kwave*xphys#*cosp
crenw angle is the same as the angle used in the calculations.
I1 = I1 + (hxfreq(fi,indexl)+ezfreq(fi,index1)*
c#s#+ if mono_bi == 2, choose angles based on fregs for monostatic RCS 1 sinp)*cexp(+phase)sdelta
crane in this case, phi_obs represents the monostatic angle we are 100 continune
c*+**  trying to calculate the RCS at, while cphi_obs represents the
cress  bistatic angle we use to approx the momostatic angle we need It = Ilscexp{-unitiskwavesyphys«sinp}
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C#+x+* Sum Integrals

Fphi = cexp{-uniti*pi/4.0)*sqrt(kwave/8.0/pi}»(11+
b I12+13+14)

c print *,cfreq,phi_obs,Fphi
C+#++ Calculate RCS

< print #,eincfreq
rcs = 2#pis((cabs(Fphi))#*2.0)/((cabs(eincfreq})*»2.0)
rcsi = sqrt(2#pi)*Fphi/eincfreq

c#*xx For use vhen reading in exact near field data.
< rcs = 2#pi*((cabs(Fphi))#**2.0)

cs#xs Write out results (RCS given in dBm)
cwr¥r Note extra column of zeros written out to allow compatibility

c##*+ yith MATLAB scripts that read RCS data and plot them.

write(10,*) dkwave,0.0,phi_obs,10*ALDG10(rcs),real{rcsi),

1 imag(rcsi)
write(14,*) dkwave,0.0,phi_obs,abs(rcsi),atan2(imag(rcsi),
1 real(rcsi))
30 continue

10 continue

close(unit=10)
close (unit=14)
close(unit=15)

RETURN
END

R T e P R P ]

¢ WRITE_QUT_MOVIE FRAME

ErRkER
SUBROUTINE write_out_movie_frame(a,time_step)

implicit none
include ’common.f’

character a(l:dummy)

integer i,j,ia,time_step
real ezinc

c integer nsplit,n=s,l
integer hlevels,numcolorsi,center,topcolor,nctshift,ngray
< topcoloxr: location of top of colorbar
< numcolorsl: 1 less than # of colors in colorbar
parameter (numcolors1=128,topcolor=243)
< nctshift: = coler table shift

parametexr (nctshift = topcolor-numcolorsl)
parameter(ngray = topcolor-numcolorsi-1)

3 hlevels = numcolorsi/4
parameter (hlevels=numcolorsi/4)
< center = 2#hlevels + 1/2

parameter (center = 2ehlavels + 0.5)
character frmt*30

vrite(frmt,’(al,i4,a5}’) (!, max_x, ’'(al))’

do 10 j=min(1000,max_y),1,-1
do 20 i=1,min(1000,max_x)
c ia=int ((ez(i,j))shlevels+center+0.5)

if (tot_scat(i,j).eq.0.0R.tot_scat(i,j).eq.1.0R.
1 tot_scat(i,j).eq.11.0R.tot_scat(i,j).eq.12.0R.
1 tot_scat(i,j).eq.15) then
ia=int (((ez(i,j)+ezinc(i,j,time_step+1))/4.0)shlevels+
1 center+0.5)
else
ia=int((ez(i,j)/4.0)*hlevelstcenter+0.6)
end if
if (abs(ez(i,j).gt.max_field)) then
mex_field=abs{ez(i,j))
print *,time_step,i,j,max_field
end if

aannaa

a0 o0o0on0

if (ia .1t. 0) ia=0
if (ia .gt. numcolorsl) ia=numcolorsi
a{i)=char(iatnctshift)

20 continue

write(4,frmt) a
10 continue

RETURN

END

CHEEBR RS RARIRRAREERN AR SEAT BN AR SR RS
¢ WRITE_OUT_ALL_PARMS outputs to a file all important parameters used
¢ in running the simulation.

¥ LLEL L L L L)

LEL I Tty

SUBROUTINE write_out_all_parms{store_freq)

implicit none
include ’common.f*!

integer index
real x(1:MAX_STAIR_NODES), y(1:MAX_STAIR_NODES)
logical store_freq

do 10 index = 1,stair_node_count
x(index) = real(stair_zero(index,1})
y(index) = real(stair_zero(index,2))
10 continue

open{unit=10,file=’fdtd.out’,status=’unknown’,form=’formatted’)
vrite(10,%) ’max_x = ’, max_x,';’
write(10,*) ’max_y = ', max_y,’;’
write(10,*) ’'delta = ’, delta,’;’
write(10,%) *dt = *, dt,’;’

write(10,*) ’N = ', tot_time_steps,’;’
write(10,*) ’inc_ang = ’, inc_ang,’;’
write(10,*) ’modulate = ’, modulate,’;’
write(10,*) ’modfreq = ’, modfreq,’;’
write(10,*) ’delay = ’, delay,’;’
B

write(10,*) ’width = ’, width,’;’

write(10,»)

write(10,+) ’width/dt = ’, width/dt

write{10,*) ’stair_node_count = ’, stair_node_count
write(10,#) ’sigma_max = ’, sigma_max

vrite(10,%) ’x1,y1,x2,y2= ’,x1,y1,x2,y2
if (include_ground_plane} then

write(10,*) ’'rcs_nodes = ’,2%(x2-x1)+4%y2-448»rcs_space+l
else
write(10,*) ’rcs_nodes = ’, 2#(y2-yl1)+2#(x2-x1)+B*rcs_space+l
end if
if (store_freq) then
write(10,*) ’'low_freq (GHz) = ’, freqlist(1,1)/1.0s9
write(10,*) ‘high_freq (GHz) = ', freqlist{num_freqs,1)/1.0e9
write(10,*) ’‘num_freqs = ’, maxf-minf+l
end if

call plotb{(x,y,stair_node_count,51,41,10)
close (unit=10)

RETURN
END

L] LRI TR LT ]
¢ PLOTB takes a set of data points (X,Y) and makes and ascii plot out
< of them

SUBROUTINE PLOTB(X,Y,N,NC,NR,FID)

c
C WRITTEN 2/14/74 BY J. M. PUTNAM DEPT 220 X23877
c
C THIS ROUTINE PRODUCES A LINEAR XY PLOT.
c N IS THE NUMBER OF POINTS TO BE PLOTTED.
c NR IS THE NUMBER OF ROWS TO BE USED FOR THE Y-AXIS.
C  NC IS THE NUMBER OF COLUMNS TO BE USED POR THE X-AXIS.
c NOTE, NC-1 MUST BE DIVISIELE BY 10 AKD LESS THAN 102.
c
REAL X(161),Y(161),HEAD(10)
INTEGER LINE(101),BLANK,STAR,FID
DATA BLARK,STAR /1H ,1H+/
N10=(¥C-1)/10
WRITE(FID,500)
6500 FORMAT(//,17H1BODY COORDINATES)
WRITE(FID,504)
XMIN=X(1)
XMAX=X(1)
YMIN=Y(1)
YMAX=Y(1)
DO 6 I=1,X

IF(X(1).LT.XMIN) XMIN=X(I)
IF(X(I).GT.XMAX) XMAX=X(I)

IF(Y(I) .LT.YMIN) YMIN=Y(I)
IF(Y(I).GT.YMAX) YMAX=Y(I)

8 CONTINUE

DEL=XMAX-XMIN

IF (YMAX-YMIK.GT.DEL) DEL=YMAX-YMIN
IMAX=XMIN+DEL
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YMAX=YMIN+DEL
D0 & I =1,N10
z=1
HEAD(I)=(XMAX-XMIN)»Z/N10+XMIN
DY=(YMAX-YMIN)/(NR-1)
Z=YMAX+DY
YL=Z-DY/2.
DO 7 J=1,NR
DO 8§ K=1,NC
8 LINE(K)=BLANK
Z=2-DY
YU=YL
YL=2-DY/2.
D0 9 I=1,N
IF(Y(I).GE.YU) GO TO 9
IF(Y(I).LT.YL) 60 TO ¢
K=(X(I)-XMIN)/(XMAX-XMIN)*(NC-1)+1.5
IF(K.GT.NC) K=NC
LINE(K)=STAR
9 CONTINVE
WRITE(FID,508) Z,(LINE(X),K=1,NC)
7 CONTINUE
WRITE(FID,504}
WRITE(FID,3002)
WRITE(FID,507) XMIN, (HEAD(I),I=1,N10)

o

[ AR AR EEREER AR AR
RETURN
504 FORMAT ( iX, 14(1H-), 1H., 10(5H----.), 1H- )

507 FORMAT{10X,11(F10.4))
FORMAT (1X, F12.4,1X, 1HI, 51A1, 1HI )
3002 FORMAT(4X,7HRB / ZB,4X,1HI,5(9X,1HI))

o
[=3
®

END

The following, common.f, is used to create

the common blocks that are included in most

of the subroutines used by the 2D FD-TD TE
prograi.

c*#**% common.include file. Contains all global variable declarations.

ces»» Variables changed to allocate memory

integer MAX_X_CELLS, MAX_Y_CELLS, MAX_NODES, MAX_STAIR_NODES,
1 MAX_RCS_NODES, MAX_PREQS

parameter (MAX_X_CELLS=680)
parameter (MAX_Y_CELLS=520)
parameter (MAX_NODES=17)
parameter (MAX_STAIR_NODES=2481)
parameter (MAX_RCS_NODES=1737)
parameter (MAX_FREQS=102)

BENARRREBERERARRT KRN RR RS RS

c*s+*x« DI NOT CHANGE BELOW

ce**»» Important contants
real ¢, mu, pi, eps, eta

parameter(c=2.9979247917E8, mu=1.265663706144E-6, pi=3.1415926535,

1 ops=8.8541874E-12, eta=376.73032)

real tole
parameter(tole = 1.0e-8)

cH#** Simulation Variables
real delta, dt, sigma_max, reflection, ij
integer tot_tims_steps, dummy, movie_step
logical store_movie

c*x## Grid layout variables.

integsr PML_DEPTH

parameter (PML_DEPTH=12)
integer tot_scat(1:MAX_X_CELLS,1:MAX_Y_CELLS)

integer max_x, max_y

c#s#» Points 1 & 2 define the corners of a tot/field region
integer x1,y1,x2,y2

c**«+ Geometry data points
real xnodes(1:MAX_NODES), ynodes({1:MAX _NODES)
integer total_nodes, stair_node_count,
1 stair_zero(1:MAX_STAIR_KODES,1:3), ezf, exf, eyf

231

logical include_ground_plane

parameter(ezf=1,exf=2,eyf=3)

integer errorcount, errors {10},

1 NODE_ERROR, MAX_X_ERROR, MAX_Y_ERROR, MAX_STAIR_ERROR,
2 MAX_RCS_ERROR

parameter (NODE_ERROR=1, MAX_X_ERROR=2, MAX_Y_ERROR=3,
1 MAX_STAIR_ERROR=4, MAX_RCS_ERROR=5)

c***# Incident Wave parameters
real inc_ang, modfreq, sint, cost, delay, width
integer modulate

c**x* Fields: TM Case

c***» Incident fields

integer MAX_M_CELLS
parameter (MAX_M_CELLS = (MAX_X_CELLS+MAX_Y_CELLS))

real Hinc(1:MAX_M_GELLS), Einc{1:MAX_M_CELLS)
cxrrx Normal fields
real hx(1:MAX_X_CELLS,1:MAX_Y_CELLS),
1 hy(1:MAX_X_CELLS,1:MAX_Y_CELLS),
2 oz (1:MAX_X_CELLS,1:MAX_Y_CELLS)

c*#»* PML fields

c#**# Top and Center fields
real ezxtt(1:MAX_X_CELLS,1:PML_DEPTH),

1 ezytt (1:MAX_X_CELLS,1:PML_DEPTH),
1 hxxtt (1:MAX_X_CELLS, 1:PML_DEPTH),
1 hyytt (1:MAX_X_CELLS,1:PML_DEPTH)

c*#** Bottom and Center fields
real ezxbb(1:MAX_X_CELLS,1:PNL_DEPTH),

1 ezybb(1:MAX_X_CELLS,1:PML_DEPTH),
1 hxxbb{1:MAX_X_CELLS,1:PML_DEPTH),
1 hyybb(1:MAX_X_CELLS, 1:PML_DEPTH)

ce#*+ Right and Center fields
real ezxrr(1:PML_DEPTH,1:MAX_Y_CELLS),

1 ezyrr{1:PML_DEPTH, 1:MAX_Y_CELLS),
1 hxxxr(1:PML_DEPTH,1:MAX_Y_CELLS),
1 hyyrr{1:PML_DEPTH,1:MAX_Y_CELLS)

cé##¥ Left and Center fields
real ezx11{1:PML_DEPTH,1:MAX_Y_CELLS),

1 ozy11(1:PML_DEPTH,1:MAX_Y_CELLS),
1 hxx11(1:PML_DEPTH,1:MAX_Y_CELLS),
1 byyl1(1:PML_DEPTH,1:MAX_Y_CELLS)

c**++ Top and Right fields
real ezxtr(i:PML_DEPTH,1:PML_DEPTH),

1 ezytr(1:PML_DEPTH,1:PML_DEPTH),
1 hxxtr(1:PML_DEPTH,1:PML_DEPTH),
1 hyytr(1:PML_DEPTH, 1:PHL_DEPTH)

c**++ Top and Left fields
real ezxtl(1:PML_DEPTH,1:PML_DEPTH),

1 ezyt1(1:PML_DEPTH,1:PML_DEPTH),
1 hxxt1(1:PML_DEPTH, 1:PML_DEPTH),
1 hyyt1(1:PML_DEPTH, 1: PML_DEPTH)

ces*+ Bottom and Right fields
real ezxbr(1:PML_DEPTH,1:PML_DEPTH),

1 ezybr (1:PML_DEPTH, 1: PML_DEPTH),
1 hxxbr(1:PML_DEPTH, 1: PML_DEPTH),
1 hyybr(1:PML_DEPTH, 1:PML_DEPTH)

cs*ss Bottom and Left fields
real ezxbl(1:PML_DEPTH,1:PML_DEPTH),

1 ezybl(1:PML_DEPTH, 1:PML_DEPTH),
1 hxxbl (1:PML_DEPTH, 1: PML_DEPTH),
1 hyybl(1:PML_DEPTH, 1:PML_DEPTH)

c**x+ Frequency domain points
integer minf, maxf, stepf, num_freqs, rcs_space
parameter(rcs_space=2)

real freqlist(i:MAX_FREQS,1:2)
integer mono_bi
complex ezfreq(1:MAX_FREQS, 1:MAX_RCS_NODES),

1 hxfreq(1:MAX_FREQS, 1:MAX_RCS_NODES),
2 hytreq(1:MAX_FREQS, 1:MAX_RCS_NODES),
3 Jsfreq(1:MAX_FREQS, 1:MAX_STAIR_NODES)

C##s* Maximum number of monostatic observation points. Currently
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Ce#»x+ set to angle resolution of 1 degree.

integer MNANG

parameter (MNANG=91)

c*»#s» Dutput information

real low_phi, high phi, dphi

ces** Dabug output

complex debugfreq(1:200)

common debugfreq

CHIREEMBERTERRRERREENRR

ces#*x Fislds Common Block #w#siksimess

common hx, hy, ez,
ezxtt, ezytt,
ezxbb, ezybb,
ezxll, ezyll,
ezXrr, ezyrr,
ezxtr, ezytr,
ezxtl, ezytl,
ezxbr, ezybr,
ezxbl, ezybl,

L T L L

hxxtt,
hxxbb,
hxx11,
hxxrr,
hxxtr,
hxxtl,
hxxbr,
hxxbl,

hyytt,
hyybb,
hyyll,
hyyrr,
hyytr,
hyytl,
hyybr,
hyybl,

tot_scat, Hinc, Binc, ezfreq,
hxfreq, hyfreq, Jsfreq, freglist

c*s¥* Incident Wave Parms Common Block #*skséi

common inc_ang, modulate, modfreq,

1 sint, cost, dalay, width

cess* Simulation & Grid Layout Common Block #*exssws

common delta, dt, tot_time_steps,
nmax_x, max_ ¥y, sigma_max, reflection,
x1, y1, x2, y2, xnodes, ynodes, total_nodes,
stair_zero, stair_node_count,

W N e

c*xs+ (utput variables common block

real max_field

store_movie, movie_step,

errors, srrorcount,

dummy, ij, include_ground_plane

common law_phi, high_phi, dphi, num_freqs,
1 minf, maxf, stepf, max_field, mono_bi
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D.3 2D FD-TD Program for

END
TM Mode ,
¢ GET_PRIMARY INPUT gets info from user about geomfile name, incident
c wave, duration of simulation, output file names (including movie).

R PP,

Similar to the 2D FD-TD program for the TE SUBROUTINE get_primary_input

implicit none

mode, except that the TM mode radar cross include ’common. £’
. hi ters72 mfile,mhn: , mf:
sections are calculated. It should be noted that invegor movie sest, ground.plane vest

. . . ite(6,%) ’get_pri _i t?

in the following code, E field variable names are ¢ IR Teetoprinany-ines
write(6,’ (’’+*Enter geometry file name: ’’, $)’)
read(5,*) geomfile

actually H fields, while H field variable names

write(6, ’'(’’+Include ground plane? (1=Y,2=N): ', $)’)
e read(5,*) ground_plane_test

are actually E fields. This is due to the fact inctude. gromnd pleas < (eround_plans_best.eq.1)

that the TE mode code was modified using the urite(6,)(*’*Enter number of time steps to run: '’, $)7)
read(5,*) tot_time_steps

principles of duality to form this code. grite(s, (*'»Store for movie? (1Y, 2:K): *7, $)7)
read(5,*) movie_test
store_movie = (movie_test.sq.1)

if (store_movie) then
write(6,’('’*Movie header nams: °’’,$)?)
read(5,*) mhname

The following, fdtd_2d.f, contains the sub- Tl novie imgtile meme: 77, $)7)
routines used for reading in the input parame- urite(6,”(?7*Hunber of time steps betweon each frame: '’, $)7)
read(5,*) movie_step
ters from the user. ond e
Y write(6,’(’’«Enter incident angle in degrees: ’’, $}’)

c#s*» 2D FDTD H-polarization code #sssss road(5,%) inc_ang
cERER FDTD_2D.F EREER

- P o write(6,’(’’+*Enter modulation frequency (O=unmodulated): ’'’,$)’)

read(5,*) modfreq

* 2D-FDTD CODE: » if (abs(modfreq).lt.tole) then
* This program computes the EM scattering in two dimensions. It . modulate = 0
* assumes that objects and EM fields have NO variation in the z- - else
* direction. ] modulate = 1
EEEEEPEEE RN R R E A TN R RN R R RN ES AR RN RN RS R S R A IR TSR E N ERN RN RN RN RN end if
program fdtd_2d call sstup_geometry{geomfile)
implicit none if (store_movie) call setup_movie(mhname,mfname)
integsr menu_choice
RETURK
10 write(6,») END
write(6,+) ’What would you like do?’
write(6,*) ’1 = FDTD, WRITE FREQ, RCS’
write(6,*) ’2 = FDTD, RCS’
write(6,*) ’3 = READ FREQ, RCS’ ¢ GET_RCS_OUTPUT_RANGES gets info from user about what angles and freqs
write(6,%) ’4 = FDTD’ c to calc the RCS for.
read(6,*) menu_choice
if (menu_choice.1lt.1.0R.menu_choice.gt.4) goto 10 SUBROUTINE get_rcs_output_ranges(skip_fd)
if (menu_choice.eq.1) then implicit none
call get_primary_input include ’common.f’
call get_rcs_output_ranges(.FALSE.)
call init_fields integer nang, fi, mi
call init_freqs logical skip_fd
call fdtd_loop(.TRUE.)} real low_freq, dfreq, high freq
call write_out_freqs
call calc_rcs c write(6,s) ’get_rcs_out_ranges’
elss if (menu_choice.ag.2) then
call get primary_input if (.NOT.skip_fd) then
call get_rcs_output_ranges(.FALSE.) 100 wxrite(6,s)
call init_fields write(6,*) ’1. Calculate bistatic RCS for multiple fregs’
call init_freqs write(6,*) ’2. Estimate monostatic RCS versus angle for one freq'
call fdtd_loop(.TRUE.) write(6,’(’’*Enter your choice: ’’,$)}’)
call calc_res read(5,*) mono_bi
else if (menu_choice.eq.3) then if (mono_bi.ne.1.AND.mono_bi.ne.2) goto 100
call read_in_fregs alse
call get_rcs_output_ranges(.TRUE.) mono_ki =1
call calc_rcs end if
else if (menu_choice.eq.4) then
call get primary_input if (mono_bi.eq.1) then
call init_fields ceexsdsr calculate bistatic RCS for multiple freqs...
call fdtd_loop(.FALSE.) if (.NOT.skip_fd) then
snd if write(6,’(’ '*Enter lowest frequsncy of intersst: '’,$)')

read(5,+) low_freq
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write(6,’(’’*Enter highest frequency of interest: '?,$)’)
read(5,*) high_freq

if (abs{low_freq-high_freq).gt.tole)} then

10 write(6,’(’’*Enter the number of frequencies: '’,$)’)
read(5,*) num_freqs

if (num_freqs.gt.MAX_PFREQS) then
write(6,+) 'Error. Number of freqs must be ’,

1 ’less than ', MAX_FREQS, '’ or raise ’,
2 'MAX_FREQS parmaster’
write(6,s)
goto 10
end if
minf = 1

maxf = num_freqs
dfreq = (high_freq-low_freq)/(num_freqs-1.0)

do 20 fi = minf, maxf
freqlist(fi,1) = low_freq + dfreq+(fi-1.0)
c#sDefine type as normal RCS freq
freqlist(£i,2) = 0
20 continue

stepf =1
slse
freqlist(1,1) = low_freq
c**Define type as normal RCS freq
freqlist(1,2) = ¢
num_freqs = 1
minf = 1
maxf = 1
stepf = 1
end if
else
write(6,*) ’Currently you are calculating the RCS at ',
1 num_freqs, ’ between ’, freqlist{1,1),’ and ’,
freqlist (num_freqs,1),’. Enter the new step’,
3 ' (1 tor all).’
read(5,+) stepf
end if

(8]

cessddes Read in angles at which to calculate 2D RCS

200 write(6,#) ’Bistatic RCS angles (in degrees):’
write(6,’(’?*Enter initial and final phi: ’’,$,$)’)
read(5,*) low_phi,high_phi
if (includs_ground_plane) thsn

if (low_phi.1t.0.0R.high_phi.gt.180) then
write(6,*)
write(8,%) T ?
write(6,*) ’Error. With ground plane, only upper half’
write(6,*) ’plane results valid. Phi must be betwsen'’
vwrite(6,*) ’0 and 180 degs. Re-enter angles.’
write(6,+)
goto 200

end if

end if

if (abs(low_phi-high_phi).1t.tole) then
dphi = high_phi-low_phi+1.0
else
write(6,’(’’*Enter number of angles: '’,$)}')
read(5,*} nang
dphi = (high_phi-low_phi)/ real(nang-1.0)
end if

slse
ces2sses Here gosz all input info for monc estimation routines.

low_phi =1
high_phi =1
dphi = 1

write(6,99) int(inc_ang-45),int(inc_ ang+45)

99 format ('Monostatic RCS angles range: ’,I3, ’ to ’, I3,
1 ’ in one degree increments.’)
write(6,%) ’Enter lowest frequency of interest.’
read(5,*) low_freq
write(6,*) ’Enter highest frequency of interest.'’
read(5,*) high_freq

if (abs(high_freq-low_freq).gt.tole) then
30 write(6,#) ’Enter the number of frequencies.’
read(5,*) num_fregs

if ((MNANG*num_freqs).gt.MAX_FREQS) then
write(6,+) ’Error. Numbsr of freqs must be ’,
1 ’less than or equal to ', MAX_FREQS/MNANG,

1 ? or raise the MAX_FREQS parameter’
write(6,»)
goto 30
end if
slse
num_freqs = 1
end if

minf = 1
maxf = num_freqs*MNANG
print *,minf,max{t
stepf = 1
if (num_freqs.ne.1) then
dfreq = (high_freq-low_freq)/(num_freqs-1.0)
else
dfreq = 0.0
end if

do 50 fi = 1,num_freqs
do 40 mi = 1,MNANG
fraqlist (MNANGs (£i-1)+mi,1) = (low_freq+dfreq*

1 (£i-1.0))*(1/cos((mi-46.0) +pi/180))
< print *,freqlist (MNANG*(£i-1)+mi,1)
fraqlist (MNANGs (fi-1)+mi,2) = mi

40 continue
50 continue

end if

RETURN

END

The following, setup.f, contains the sub-
routines used for setting up the computational
domain as well as the staircase representation
of the target.

c#ses 2D FDTD H-polarization code *s¥exs
cHrEy SETUP.F REREN

L L L L R g L e R e L L e P

¢ SETUP_GEOMETRY reads in geometry file and setups up staircase model.

SUBROUTINE setup_geometry{geomfile)

implicit none
include ’common.f*

character*72 geomfile
integer xstair(1:MAX_STAIR_NDDES),
1 ystair(1:MAX_STAIR_NODES), index, round, spacing, current_x,

2 current_y, Xxcomp, ycomp, xdir, ydir, dx, dy

real max_x_node, max_y.node, min_x_ncde, min_y_node,
i slope, offset, dist_to_line

parameter (spacing = 40)
vrite(6,s) ’Setting up geometry...’
srrorcount = 0
cs»w% Read geomatry file in.
open(unit=10,file=geomfile, status=’unknown’,form="formatted’)
read(10,¢) delta
read(10,*) total_nodes
if (total_nodes.gt .MAX_NODES) then
srrorcount = errorcount+i
errors{errorcount) = NODE_ERROR
call memory_check
end if
do 10 index=1,total_nodes
read(10,#) xnodes{index), ynodes(index)
10  continue
close (unit=10)

Cs#*+ Scale, position, and round object

max_x_node = xnodes(1)/delta
max_y_node = ynodes(1)/delta
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min_x_node = xnodes(1)/delta
min_y_node = ynodes(1)/delta

do 20 index=1,total _nodes
xnodes{index) = xnodes(index)/delta
if (xnodes(index).gt.max_x_node) max_x_node=xnodes{index)
if (xnodes(index).lt.min_x_node) min_x_node=xnodes{index)
ynodes(index) = ynodes(index)/delta
if (ynodes(index).gt.max_y_node) max_y_node=ynodes(index}
if (ynodes(index).lt.min_y_node) min_y_node=ynodes{index)
20 continue

ce*s* If including ground plans, object will be horizontally centersd
c***+ but not vertically centered. This allows the user to define
c###+ exactly how high above the ground plane the object is

csx%s If no ground plane, object will bs horizontally and vertically
c*#** centered.

if (include_ground_plane) then
max_x = round(2.0*spacing + max_x_node - min_x_node)
max_y = round(l.otspacing + max_y_nods) + 1
else
max_x = round(2.0*spacing + max_x_nods - min_x_node)
max_y = round(2.0sspacing + max_y _node - min_y_node)
end if

if (max_x.gt.MAX_X_CELLS) then
errorcount = errorcount+i
errors(errorcount) = MAX_X_ERROR
end if

if {max_y.gt.MAX_Y_CELL5) then

errorcount = errorcount+l
errors(errorcount) = MAX_Y_ERROR
end if

if (include_ground_plane) then
do 31 index=1,total_nodes
xnodes{index) = round{xnodes(index) - min_x_node) + spacing
ynodes{index) = round(ynodes(index)) + 1

31 continus
else
do 30 index=1,total_nodes
xnodes(index) = round(xnodes(index) - min_x_node) + spacing
ynodes{index) = round(ynodes(index) - min_y_nods) + spacing
30 continue
end if

Crws» define tot/scat field boundary points and setup fields
xl=spacing-5
if (include_ground_plane) then

y1 =1
else
yil=spacing-5
end if

x2=max_x-spacing+b
y2=max_y-spacing+5

cH*#* Generate a staircase model by digitizing each line segment.

cssxs Estimate total number of staircass nodes nesded.
dx = 0
dy = 0
do 50 index=1,total_nodes-1
dx = dx + int(abs(xnodes(index)-xnodes(index+1)))
dy = dy + int(abs(ynodes(index)-ynodes(index+1)))
50 continue
caxss extra point needed for first point
dy=dy+1

if ((dx+dy).gt.MAX_STAIR_NODES) then
stair_node_count = dx+dy
errorcount = errorcount+l
errors{errorcount) = MAX_STAIR_ERROR

end if

call define_tot_scat

stair_node_count = 1
xstair(stair_node_count) = int(xnodes(1))
ystair(stair_node_count) = int(ynodes(1))

do 40 index=1,total_nodes-1

slope = (ynodes(index+1)-ynodss(index))/(xnodes(index+1)~
1 xnodes (index))

offset = ynodes(index)-slope*xnodes(index)

current_x = int{xnodes(index))
current_y = int(ynodes(index))

100 stair_node_count = stair_node_count
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if (current_x.ne.int{xnodas{index+1)).0R.
1 current_y.ne.int (ynodes(index+1))}) then

xcomp = int(xnodes(index+1))}-current_x
ycomp = int(ynodes(index+1))-current_y

if (xcomp.ne.0) then

xdir = int(abs(xcomp)/xcomp)
else

xdir = 0
end if
if (ycomp.ne.0) then

ydir = int(abs(ycomp)/ycomp)
elzs

ydir = 0
end if

stair_node_count = stair_node_count + 1

if (xdir.ne.0.AND.ydir.ne.0) then
if (dist_to_line(-slope,l1.0,0ffset,real(current_x+xdir),
real (current_y)).1lt.dist_to_line(-slope,1.0,0ffset,
2 real (current_x),real{current_y+ydir))) then

-

xstair(stair_node_count) = current_x+xdir

ystair(stair_node_count) = current_y
current_x = current_x+xdir

olze
xstair(stair_node_count) = current_x
ystair(atair_node_count) = current_y+ydir
current_ y = current_y+ydir

end if

else
xstair(stair_node_count) = current_x+xdir
ystair(stair_node_count) = current_y+ydir

current_x = current_x+xdir
current_y = current_y+ydir
end if
goto 100
end if

40 continue

if ({dx+dy).ne.stair_node_count) then

write(6,*) ’estimate = ’, dx+dy
write(6,+) ‘’actual = ’, stair_node_count
end if

c*e** Now take digitized line & figure out which fields to set to zero
call generate_ta_stnir_modal(xstair,yxtnir)

open{unit=10,file=’stair.dat’,status='unknown’,
1 form='formatted’)

do 1000 index=1,stair_node_count
write(10,*) xstair(index), ystair(index)
1000 continue
close (unit=10)

c*##+ Calculate some important variables

c*#ss Time Step based on 2D stability requirements
dt = 0.86%(delta/c/aqrt(2.0))

c*+++ ¥idth of the Gaussian Pulse
300 width = 2*sqrt{8.0)/(pi*(c/16/delta-modfreq))
if (width.gt.(100%dt).0R.width.2t.(0.0)) then
write(8,%) °’ ’
write(6,*) ’Modulation frequency too high for grid resolutiom’
write(6,*) ’Enter new modulation frequency {(0=unmodulated)’
read(5,*) modfreq

if (abs(modfreq).lt.tcle) then
modulate = 0
elss
modulate = 1
end if
goto 300
end if

c+##+s The maximum sigma needed in the PML regions
reflection = -50.0
sigma_max = -reflection*3/eta/40./0.434294481903/(PML_DEPTH*delta)

RETURN
END

c INIT_FIELDS initializes all fields in normal and PML regions to zero.
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SUBROUTINE init_fields

implicit none
include ’common.f’

integer i,j

write(6,%) ’Initializing field data...

do 10 i=1,max_x
do 20 j=1,max_y
hx(i,j) = 0.0
hy{i,j) = 0.0
ez(i,j) = 0.0
continue
continue

do 30 i=1,max _x
do 40 j=1,PML_DEPTH
ezxtt(i,j) = 0.0
ezytt{i,j) = 0.
hxxtt(i,j) = 0.
hyytt(i,j) = 0.
continue
continue

coe

do 50 i=1,max_x
do 60 j=1,PML_DEPTH
ezxbb{i,j) = 0.0
ezybb(i,j) = 0.0
hxxbb(i,j) = 0.0
hyybb(i,j) = 0.0
continue
continue

do 70 i=1,PML_DEPTH
do 80 j=1,max_y

ezxrr(i,j) = 0.0
ezyrr(i,j) = 0.0
hxxrr(i,j) = 0.0
hyyrr(i,j) = 0.0
continus
continne

do 90 i=1,PML_DEPTH
do 100 j=1,max_y
ezx11(i,j) = 0.
ezyll(i,j) = 0.
hxx11(i,j) = 0.
hyyll(i,j) = ©.
continua
continue

ocCcC oo

de 110 i=1,PML_DEPTH
do 120 j=1,PML_DEPTH
ezxtr(i,j) = 0.0
ezytr(i,j) = 0.
hxxtr(i,j) = 0.
hyytr(i,j) = 0.
continue
continue

c oo

do 130 i=1,PML_DEPTH
do 140 j=1,PML_DEPTH
ezxtl(i,j) = 0.0
ezytl(i,j) = 0.
hxxt1(i,j) = 0.
hyytl(i,j) = 0.
continue
continue

o Cc o

do 150 i=1,PML_DEPTH
do 160 j=1,PML_DEPTH
azxbr(i,j) = 0.0
ezybr(i,j) = 0.0
hxxbr(i,j) = 0.0
hyybr(i,j) = 0.0
continue
continue

do 170 i=1,PML_DEPTH
do 180 j=1,PML_DEPTH
8zxbl(i,j) = 0.0
ezybl(i,j)
hxxbl{i,j)
hyybl(i,3)
continue
continue

0.
0.
0.

o oo

RETURN
END

¢ INIT_FREQS initializes all freq field comps to zerc.

SUBRDUTINE init_freqs

implicit none
include ’common.f’

integer fi, k, ytemp

write(6,») 'Initializing fregquency data...’

do 10 fi=minf,maxf,stepf

it (include_ground_plane)} then
ytemp = 4#y2+42%(x2-x1)-2+Bsrcs_space+l

else

ytomp = 2#{y2-y1)}+2#(x2-x1)+8%rcs_spacetl

end if
do 20 k=1,ytemp
ezfreq(fi,k) =
hxfreq(fi,k) =
hyfreq(fi,k) =
20 continue
10  continus

oo
oo

RETURN
END

£33 ERREAE
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¢ READ_IN_FREQS reads in the previously saved frequency field comps.

ChBAERAESRERRAREBUZAEEEI RGOS XS
SUBROUTINE read_in_freqs

implicit none
include ’common.f’

integer fi, k, rcs_ncdes, rbsg, rend

real tempr, tempi

write(8,*} ’'Reading in freguency data...’

ERTEEARERNRREEEN NS

open(unit=10,file=’ezf.dat’,status=’unknown’,form='formatted’)
open(unit=11,file='hxf.dat’,status='unknown’,form='formatted?’)
open(unit=12,file='hyf.dat’,status='unknown’,form=’formatted’)

ces** Restore state

open(unit=13,file='info.dat’,status=’unknoun’,form='formatted’)

read(13,*) max_x
road(13,+) max_y
read(13,s) delta
read(13,*) dt
read(13,*) tot_time_steps
read(13,%) x1,y1,x2,y2
read(13,*) inc_ang
read(13,*) modulate
read(13,+) modfreq
read(13,+) delay
read(13,») width
read(13,¢) include_ground_plane
read(13,*) num_freqs
cesss fgsuming bistatic calculation
mono_bi = 1
do 30 fi = 1, num_freqs
read(13,¢) freqlist(fi,1)
freqlist(f£i,2) = O
30 continue

close (unit=13)

cost = cos{inc_ang*180./pi)
sint = sin(inc_ang*180./pi)

if (abs(freqlist(num_freqs,1)-freqlist(i,1)).gt.tole} then

it (num_freqs.gt.MAX_FREQS) then

write(6,%) ’Error. Set MAX_FREQS parmeter higher.’

urite(6,*)
stop
end if

minf = 1
maxf = num_freqs
stepf = 1
olse
num_freqs = 1
minf = 1
maxf = 1
stepf = 1
end if
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20

10

if (include_ground_plane) then
y2+rcs_space+l
3*y2+x2-xi-1+6*rcs_space

rbeg =

rend =
else

rbeg = 1

rend = 2%(x2-x1)+2*(y2-y1)+8+rcs_space+l
end if

do 10 fi = minf,maxf
do 20 k=rbeg,rend
read(10,*) tempr,tempi
ezfreq(fi,k) = tempr + (0.0,1.0)*tempi

read(11,+) tempr,tempi
hxfreq(fi,k} = tempr + (0.0,1.0)*tempi

read(12,*) tempr,tempi
hyfreq(fi,kx) = tempr + (0.0,1.0)*tempi
continue

continue
close(unit=10)
close (unit=11)

close(unit=12)

RETURN
END

ERERRRKE

¢ DEFINE_TOT_SCAT defines each cell on the grid as either a total field

[

or a scattered field.

60006006006 0006000

o
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SUBROUTINE define_tot_scat

implicit none
include 'common.f’

integer i,j
15 15 15 15 16 15 15 15

16 11 11 11 11 11 11 11

15 00 00 00 00 00 00 00
16 15 15 16 15 15 15 15

02,03,04,05,06,07,08,09,14 are total fields
00,01,11,12,15 are scattered fislds.
write(6,%) ‘define_tot_scat’

if (include_ground_plane)} then
if ((2#(x2-x1)+4*y2-2+8#rcs_space+1).gt . MAX_RCS_NODES) then

errorcount = errorcount + 1
exrors{errorcount) = MAX_RCS_ERROR
end if

else
it ((2*(x2-x1)+2#(y2-y1)+B*rcs_space+1) .gt .MAX_RCS_NODES) then
errorcount = srrercount + i
errors{errorcount) = MAX_RCS_ERRDR
end if
end if

call memory_check

do 10 i=1,max_x
do 20 j=1,max_y
tot_scat(i,j)} = 15
continue
continue

do 70 i=x1+1,x2-1
do 80 j=yl+1,y2-1
tot_scat(i,j) = 14
continue
continue

tot_scat(xl,yl) =
tot_scat(x1,y2) =
tot_scat(x2,y2) =
tot_scat(x2,y1) =

@ dN
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30

40

50

60

do 30 j=yi+1,y2-1
tot_scat(xl,j) = 3
tot_scat(x2,j) =7
continue

do 40 i=x1+1,x2-1
tot_scat(i,yl)
tot_scat{i,y2) =
continue

oo

do B0 j=yi,y2
tot_scat(x1-1,j) =1
tot_scat(x2+1,j) = 12
continue

do 60 i=x1,x2
if (.NOT.includs_ground_plane) tot_scat(i,yi-1) = ¢
tot_seat{i,y2+1) = 11

continue

RETURN
END

< SETUP_INCIDENT FIELD does some prelim calcs to prepars for using the

<

one-dimensional source look-up table method.

crRR

10

20

cH%s

crn

SUBRQUTINE setup_incident_field

implicit none
include ’common.f’

integer STEPS_TO_DELAY
parameter (STEPS_TO_DELAY=150)

it (abs{inc_ang-0.0).1t.tole) then
sint = 0.0
cost = 1.0
elseif (abs(inc_ang-90.0).1t.tole) then
sint = 1.0
cost = 0.0
elseif (abs(inc_ang-180.0).1t.tole) then
sint = 0.0
cost = -1.0
elseif (abs(inc_ang-270.0).1t.tole) then
sint = -1.0
cost = 0.0
elss
sint =
cost =
end if
print #,inc_ang,sint,cost

sin((inc_ang/180.)#*pi)
cos((inc_ang/180.)*pi)

calculate time delay

if (inc_ang.ge.360) then
inc_ang = inc_ang-360.0
goto 10

end if

if (inc_ang.1%.0) thsn
inc_ang = inc_ang+360.0
goto 20

end if

if (inc_ang.ge.0.AND.inc_ang.1t.90) then

delay = -(x2+deltascost+y2*delta*sint)/c - STEPS_TO_DELAY%dt
1 + width/2.0
elseif (inc_ang.ge.90.AND.inc_ang.lt.180) then

delay = -(xlsdelta*cost+y2+delta*sint)/c - STEPS_TO_DELAY*dt
1 - width/2.0
elseif (inc_ang.ge.i80.AND.inc_ang.1t.270) then

delay = -(xledeltascost+ylvdeltarsint)/c - STEPS_TO_DELAY+dt
1 - width/2.0
elss

delay = -(x2*dsltascost+ylsdelta*sint)/c - STEPS_TO_DELAYs*dt
1 + width/2.0
end if

calculate numerical phase velocity at theta=0
calculate numerical phase velocity at theta=inc_ang

RETURN
END

¢ SUBROUTIKE SETUP_MOVIE

sexes
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round = ipart+i

SUBROUTINE setup_movis(mhname,mfname) else if (fpart.gt.0.0) then

round = ipart
implicit none else if (fpart.ge.-0.5) then
include ’common.t’ round = ipart
character*72 mhname, mfnams else

round = ipart-1
opsn(\mit=4,filo=mfnama, status=’unknown’,form='formatted’) end if
open{unit=7,file=mhname,status=’unknown’,form=’formatted’)

RETURN
write(4,*) min(max_x,100) END
write (4,100) ’new.image’
write(7,200) min(100,max_x), min(100,max_y), 64, tot_time_steps,
1 'new.image.Z’ LYY .
¢ REAL PUNCTION DIST_TO_LINE returns the perpendicular distance from a

dummy = min(1000,max_x) ¢ point in space (x,y) to a line that is of the form Ax+By=C
write (7,%) 1 Ty T I Ty
write (7,100) ’a *?
write (7,100) b REAL FUNCTIDN dist_to_line(4,B,C,x,y)

close{unit=7)
implicit none
100 format(a) real 4,8,C,x,y
200 format(i4,x,i4,x,i2,x,i5,x,a)
dist_to_line = abs{(A*x+B#y-C)/sqrt(A%+2.0 + B*+2.0))

RETURN
END RETURN
END
LELEL LY L) EREREARRRENEIRERBRR AR KA RS
¢ MEMORY_CHECK checks if enough memory has been allocated and reports
< all errorz stored in error buffer ¢ LOGICAL PUNCTION INSIDE_PEC{xlist,ylist,x,y) returns TRUE if the point
R LA L LT LL] c (x,y) is inside the polygon described by the points in x,y lists

SUBROUTINE memory_check
LOGICAL FUNCTICN inside_pec(xlist,yliat,co\mt,px,py)
implicit none
include ’common.f’ implicit none

include ‘common.f’
integer i, id
integer count

if (errorcount.gt.0) then real xlist(1:count),ylist(1:count),xpl,ypl,px,py,zlope
write(6,*) R SRR EER RN
write(6,*) ’Insufficient memory to begin simulation. The’ integer maxx, minx, maxy, miny, index, above, below, connect
write(8,%) ’following parametsr(s) in the common.f file’
write(6,*) ’need to bs adjusted:’ cs*ks if polygon not closed, close it.
if (xlist(1).ne.xlist(count).OR.ylist(1).ne.ylist(count)) then
do 10 i=1,errorcount connect = 0
id = errors{i) olse
write(6,+) connsct = -1
if (id.eq.NDDE_ERROR) then end if
write(6,*) ’Set MAX_NODES to at least’,total_nodes
else if (id.eq.MAX_X_ERROR) then maxx = xlist(1)
write(6,») ’Set MAX_X_CELLS to at least’,max_x minx = xlist(1)
else if (id.eq.MAX_Y_ERROR) then maxy = ylist(1)
write(6,*) ’Set MAX_Y_CELLS to at least’,max_y miny = ylist(1)
else if (id.eq.MAX_STAIR_ERROR) then
write(6,#) ’Set MAX_STAIR_NODES to at least’, do 10 index=1,count
1 stair_node_count it (xlist(index).gt.maxx) maxx=xlist(index)
else if (id.eq.MAX_RCS_ERROR) then if (ylist(index).gt.maxy) maxy=ylist(index)
if (include_ground_plana) then if (xlist(index).lt.minx) minx=xlist{index)
write(6,*) ’'Set MAX_RCS_NODES to at least’, if (ylist(index).lt.miny) miny=ylist(index)
1 2#(x2-x1) +4%y2-2+8%rcs_space+l 10 continue
else
write(6,») ’Set MAX_RCS_NODES to at least’, if (px.gt.maxx.OR.px.lt.minx.OR.py.gt.maxy.OR.py.lt.miny) then
1 2% (x2-x1)+2#(y2-y1)+8*rcs_space+l inside_pec = .FALSE.
eand if slse
end if
ce*** count the intersections
10 continue
write(6,s) °* ’ ahove = 0
stop below = 0
end if do 20 index = 1,count+connect
if (index.eq.count) then
RETURN xpl = xlist(1)
END ypl = ylist(1)
elss

xpl = xlist(index+1)
ypl = ylist(index+1)
¢ INTEGER FUNCTION ROUND returns the integer nearest in absolute end if

¢ distance to the real arguement

it ( (abs(px-xlist(index)).1lt.tole).AND. (abs(px-

1 xlist(index+1)).1t.tole)) then
INTEGER FUNCTION round(x) if (({py.le.ylist(index)).AND.(py.ge.ylist(index+1))).
1 OR. ((py.ge.ylist(index)) .AND.(py.ls.ylist (index
real x, fpart 2 +1))) ) then
integer ipart ingide_pec = .TRUE.
RETURN
ipart = int(x) end if
fpart = x-aint(x) end if
if (fpart.gt.0.6) then if ( ((abs(px-xlist(index)).1lt.tole).AND. (abs(py~
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1 ylist(index)).1t.tole)).0R. ((abs(px-xlist(index+1))}.
2 1t.tole) .AND. (abs (py-ylist(index+1)).1t.tole))) then
inside_pec = .TRUE.
RETURN
end if
if ({(px.le.xlist(index).AND.px.ge.xpl).0R.
1 (px.ge.xlist (index) .AND.px.le.xp1)) then
slops = (ylist(index)-yp1)/{xlist(index)-xp1)
if (abs((slope»(px-xlist(index))+ylist(index)}-py).
1 1t.tole) then
inside_pec = .TRUE.
RETURN
else if ((slope*(px-xlist(index))+ylist(index)).gt.
1 py) then
above = above+l
else
below = bslow+l
end if
end if
20 continue
if (mod(above,2).eq.1.AND.mod(below,2}.eq.1} then
inside_pec = .TRUE.
else
inside_pec = .FALSE.
end if
end if
RETURN
ERD

REERRSIERRRRREENERREREEER AN RN

¢ GENERATE_TE_STAIR_MODEL generates the TE staircass model by compiling
c a list of all the Ex/Ey fields that need to be set to zeroc.

113 EEEEARA R R AR RER RN R ER R AR R RRRER R RER IR

SUBROUTINE generate_te_stair_modsl(xstair,ystair)

implicit none

includ.

e

>common. L’

integer xti,xt2,ytl,yt2

integer xstair(1:MAX_STAIR_NODES), ystair(1:MAX_STAIR_RODES),
1 index

do 10 index = 1,stair_node_count-1

xt1
yti
xt2
yt2

int (xstair(index))
int (ystair(index))
int (xstair{index+1))
int (ystair(index+1))

if ((yt2-yt1).gt.0.AND. (xt2-xt1).eq.0) then
stair_zero(index,i) = int{xstair(index))
stair_zero{index,2) = int(ystair(index))
stair_zesro{index,3) = eyf

else if ((yt2-yt1).1t.0.AND.(xt2-xt1}.eq.0) then
stair_zero(index,1) = int{(xstair(index))

stair_zero{index,2) = int{ystair(index))-1
stair_zero(index,3) = eyf

else if ((xt2-xt1).gt.0.AND.(yt2-yt1).eq.0) then
stair_zero(index,1) = int(xstair(index))

als:

stair_zero(index,2) = int(ystair(index))
stair_zero(index,3) = exf
else if ({xt2-xt1).1t.0.AND.(yt2-yt1).eq.0) then

st
st
st
e

)23

air_zero(index,1) = int{xstair(index))-1
air_zero(index,2) = int(ystair(index))
air_zero(index,3) = exf

int *,’error in staircasing point ’,index,’' to ’,
‘point ’, index+l

end if

10 contin

ue

open(unit=14,file=’sys.dat’, status=’unknown’,form=’formatted’)

do 20 index = 1,stair_node_count-1
write(14,*) stair_zero(index,1), stair_zero(index,2),

1
20 contin

ue

stair_zero(index,3)

close (unit=14)

RETURN
END

The following, calc.f, contains the core FD-
TD subroutines used in updating the fields.
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It includes the implementation of Berenger’s

PML absorbing boundary condition.

CHRERRUEEARSRAXSERERRREI SR IR SRS ERER RN REE
ctsxs 3D FDTD H-polarization code »x#w»s»

creRR CALC.P EEEERE
»
EESERREEERC
cessasssss IMPORTANT! PLEASE READ BELOW s*#*ssxsxc
e e LT
¢ Note that in the code below, H fields ars c
¢ labelsd as E fields, and E fields are labeled ¢
c as H fields. Signs and other parameters have ¢
¢ been adjusted to correctly represent Maxwell’s ¢
¢ equations. The reason for this is that the c
¢ 2D FDTD E-polarization case has already bsen ¢
¢ done, and we use duality rather than go <
c through and change every variable name. <
- LT

AEERRNARERERRRNRENC

(1]

c
¢ FDTD_LOOP controls the flow of the wave propagations calculations. It
c calls neccessary subroutines including E_FIELDS, H_FIELDS, E_PML,
c

and H_PML.

-

SUBROUTINE fdtd_loop(store_freq)

implicit none
include ’common.f’

character a(1:MAX_X_CELLS)
logical store_fraq
integer time_step, movie_frame, freq frame

ARRRRRERSR SR

open(unit=18,file=’effscat.dat’,status=’'unknown’,form=’formatted’}

movie_frame = O
freq frams = 1
max_field = 0.0
call setup_incident_field
call write_out_all_parms{store_freq)
call memory_check
write(6,#) ’Running simulation...’
do 10 time_step = 1,tot_time_steps
< write(6,*) time_step
call h_fields(time_step)
call h_pml
call boundary_conditions
call e_fields{time_step)
call e_pml

write(18,*) ez(48,24),ez(48,28)
if (store_movie) then
if (movie_fruma.sq.movio_step) then
call write_out_movie_frame(a,time_step)

movie_frame = 0
elss
movie_frame = movie_frame + 1
end if
end if

if (freq_frame.eq.1) then
if (store_freq) call update_fregs{time_step)
freq_frame = 1
else
freq_frame = freg_ frame + 1
end if
10  continue

clese (unit=18)
close(unit=4)
RETURN

END

¢ E_FIELDS updates the E field comps in the normal region.

SUBROUTINE e_fields(time_step)

implicit none
include ’common.f’

integer time_step, i, j, ct
real t1, t2, hyinc, hxinc, hyref, hxref

do 10 i=1 ,max_x
do 20 j=1,max_y
ct = tot_scat(i,j)
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if (i.eq.max_x) then
t1=hyyrr(1,j)
else
ti=hy(it1,j)
end if

if (j.eq.max_y) then
t2=hxxtt(i,1)
else
t2=hx (i, j+1)
end if

if (ct.eq.6.0R.ct.eq.7.0R.ct.eq.8) then
t1=t1+hyinc(i+t,j,time_step)
if (include_ground_plane) til=tl+hyref(i+l,j,time_step)
end if
if (ct.eq.1) then
ti=ti-hyinc(i+l,j,time_step)
if (includs_ground_plane) t2=t2+thyref(i+1,j,time_step)
end if

if (ct.eq.4.0R.ct.eq.5.0R.ct.eq.6) then
t2=t2+hxinc(i,j+1,time_step)
if (include_ground_plane)} t2=t2+hxref(i,j+1,time_step)
end if
if (ct.eq.0) t2=t2-hxinc(i,j+1,time_step)

ez(i,j)=ez(i,j)+(crdt/delta)»(-(t1-hy(i,j))+{t2-hx(i,j)))

20 continue
10 continue
RETURN
END
CHAERLEBRRRERERERB SR EN L1 LEL LA EL L)

¢ B_FIELDS updates the H field comps in the normal region.

LR LI L R LR e L T e s e T S P E P 24

cesse

20
10

cwsss Hx fields

SUBROUTINE h_fields(time_step)

implicit none
include ‘common.f’

integer time_step, i, j, ct
real t1, ezinc, ezref

PO, P

Hy fialds

do 10 i=1,max_x
do 20 j=1,max_y
ct=tot_scat(i,j)

if {i.eq.1) then

t1=ezx11 (PML_DEPTH, j)+ezyll (PML_DEPTH, j)
else

ti=ez(i-1,j)
end if

if (ct.eq.2.0R.ct.eq.3.0R.ct.eq.4) then
ti=titezinc(i-1,j,time_step)
if (include_ground_plane) ti=tl+ezref(i-1,j,time_step)
end if
it (ct.eq.12) then
t1=til-ezinc(i-1,j,time_step)
if (include_ground_plane) ti=til-ezref(i-1,j,time_staep)
end if

hy(i,j)=hy(i,j) - (cedt/delta)e{ez(i,j)-t1)
continue
continue

do 30 i=1,max_x
do 40 j=1,max_y
ct=tot_scat(i,j)

if (j.eq.1) then

t1=ezxbb(i,PML_DEPTH) +ezybb(i,PML_DEPTH)
else

ti=ez(i,j-1)
end if

if (.NOT.include_ground_plane) then
if (ct.eq.2.0R.ct.eq.9.0R.ct.eq.8) ti=ti+

1 ezinc(i,j-1,time_step)

end if
if (ct.eq.11)} then

ti=t1l-ezinc(i,j-1,time_step)

it (include_ground_plane) tl=ti-ezref(i,j-1,time_step}
end if

hx(i,j)=hx(i,j) + (c*dt/delta)*(ez(i,j)-t1)
40 continue
30 continue

RETURN
END

an
c E_PML updates the E field comps in the PML regions.

AR

L e L e P e P L

SUBROUTINE e_pml

implicit none
include ’common.f’

integer i,j
real cl, c2, ¢3, c4, sigma_x, sigma y
real ti, t2

cs*#» Bottom Left Region (BL), sigmm_x & sigma_y nonzero
do 10 i=1,PML_DEPTH
sigma_x = sigma_maxs*((PML_DEPTH+1.0-i)/PML_DEPTH)*#2.0
¢l = exp(-sigma_x*dt/eps)
62 = (i-c1)/(sigma_x*delta*etaseta)

do 20 j=1,PML_DEFTE

sigma_y = sigma_max+*((PML_DEPTH+1.0-j)/PML_DEPTH)=**2.0

c3 = exp(-sigma_y+*dt/eps)
¢4 = (1-c3)/(aigma_ysdeltaretareta)

if (i.eq.PML_DEPTH) then
t1=hyybb(1,j)

else
t1=hyybl(i+1,j)

end if

if (j.eq.PML_DEPTH) then
+2=hxx11{i,1)

else
t2=hxxbl(i,j+1)

end if

ezxbl(i,j)=cisazxbl(i,j)~c2*((etn)*(t1-hyybl(i, j)))
ezybl(i,j)=c3*ezybl(i,j)+c4»((eta)*(t2-hxxbl(i,j)))
20 continue
10 continue

c#+s Top Left Region (TL), sigma_x & sigma_y nonzero

do 30 i=1,PML_DEPTH
sigma_x = sigma_max*{(PML_DEPTH+1.0-i)/PML_DEPTH)=**2.0
¢l = exp(-sigma_x=*dt/eps)
c2 = (1-c1)/(sigmn_x*delta*atasata)

do 40 j=1,PML_DEPTH
sigma_y = sigma_max*{(j+0.0)/PML_DEPTH)#*+2.0
c3 = exp(-sigma_y*dt/eps)
c4 = (1-c3)/(sigma_y*deltasetaveta)

if (i.eq.PML_DEPTH) then
ti=hyytt(1,j)

else
ti=hyytl(i+i,j)

end if

if (j.eq.PML_DEPTH) then
£2=0.0

else
t2=hxxtl{i,j+1)

end if

ezxtl(i,j)=cleezxtl(i,j)-c2+((eta)*(t1-hyytl(i,j)))
ezytl{i,j)=c3%ezytl(i,j)+cd*((ata)*(t2-hxxt1(i,j)))
40 continue
3¢ continue

cess* Top Right Region (TR), sigma_x & sigma_y nonzerc

do 50 i=1,PML_DEPTH
sigma_x = sigma_maxe{((i+0.0)/PML_DEPTH)»*2.0
cl = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x*delta*eta*eta)

do 60 j=1,PML_DEPTH
sigma_y = sigma_max*((j+0.0)/PML_DEPTH)*+2.0
c3 = exp(-sigma_y*dt/epa}
c4 = (1-c3)/(sigma_ysdeltaretaveta)

if (i.eq.PML_DEPTH) then
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t1=0.0 120 continue
else 110 continue
ti=hyytr(i+i,j)
end if ce¥** Right Center Region (RR), sigma_x nonzero
if (j.eq.PML_DEPTH) then do 130 i=1,PML_DEPTH
2=0.0 sigma_x = sigma_max*((i+0.0)/PML_DEPTH)##2.0
else cl = exp(~sigma_x*dt/eps)
t2=hxxtr{i,j+1) c2 = (1-c1)/(sigma_x*deltasetareta)
end if

do 140 j=1,max_y
ezxtr(i,j)=clrezxtr(i,j)-c2+((eta)*{ti-hyytr(i,j)))

azytr(i,j)=c3*ezytr(i,j)+ca*{(eta)*(t2-hxxtr(i,j})) if (i.eq.PML_DEPTH) then
60 continue t1=0.0
60 continue alse
ti=hyyrr{i+i,j)
c##+s Bottom Right Region (BR), sigma_x & sigma_y nonzero end if
do 70 i=1,PML_DEPTH if (j.eq.max_y) then
sigma_x = sigma_max#((it0.0)/PHL_DEPTH)**2.0 t2=hxxtr(i, 1)
cl = exp(-sigma_x*dt/eps) else
c2 = (1-c1)/(sigma_x*deltaretareta) t2=hxxrr(i,j+1)
end if
do 80 j=1,PML_DEPTH
sigma_y = sigma_max*({PML_DEPTH+1.0-j)/PML_DEPTH)=**2.0 ezxrr(i,j)=clsezxrr(i,j)-c2+({ata)s(ti-hyyrr(i,j})})
¢3 = axp(-sigma_y*dt/eps) ezyrr(i,j)=ezyrr{i,j)+({c*dt)/delta)*(t2-hxxrr(i,j))
c4 = (1-¢3)/(sigma_y*delta*etareta) 140 continue

130 continue
if (i.eq.PML_DEPTH) then

t1=0.0 c#s#*% Left Center Region (LL), sigma_x nonzero
aelse
t1=hyybr(i+1,j) do 150 i=1,PML_DEPTH
end if sigma_x = sigma_max*{(PML_DEPTH+1.0-i)/PML_DEPTH)*#*2.0
¢l = exp(-sigma_x*dt/eps)
if (j.eq.PML_DEPTH) then c2 = (1-c1)/(sigma_x+deltaretaseta)
t2=hxxrr(i,1)
else do 160 j=1,max_y
t2=hxxbr (i, j+1)
end if if (i.sq.PML_DEPTH) then
t1=hy(1,j)
ezxbr(i,j)=cisezxbr(i,j)~c2%({eta)*(t1-hyybr(i,j))) olse
ezybr (i, j)=c3%ezybr(i,j)+cd*((ota)*(t2-hxxbr(i,j))) t1=hyyl1(i+1,j)
8O continue end if

70 continue
if (j.eq.max_y) then

casxx Bottom Center Region (BB), sigma_y nonzero t2=hxxt1(i,1)
else
do 90 i=1,max_x t2=hxx11(i, j+1)
do 100 j=1,PML_DEPTH end if
sigma_y = sigma_max*{(PML_DEPTH+1.0-j)/PML_DEPTH)=**2.0
€3 = exp(-sigma_y*dt/eps) ezx11(i,j)=cirezx11(i,j)-c2*((eta)*(t1-hyyll{(i,§)))
c4d = (1-c3)/(sigma_y*deltasetareta) 0zyll(i,j)=ezyll(i,j)+((c*dt)/delta)*(t2-hxx11(i,j))
160 continue
if (i.eq.max_x) then 150  continue
ti=hyybr(i,j)
else RETURN
t1=hyybb(i+l,j) END
end if
if (j.eq.PML_DEPTH) then c H_PML updatez the H field comps in the PML regions.
t2=hx(i,1) .
elae
$2=hxxbb(i,j+1) SUBROUTINE h_pml
end if
implicit none
ezxbb(i,j)=ezxbb(i,j)-((c*dt)/delta)*(t1-hyybb(i,j}) include 'common.f’
ozybb(i,j)=c3*ezybb(i,j)+c4»((eta)*(t2-hxxbb(i,j)))
100 continue integer i,j
90 continue real c1, ¢2, c3, c4, sigma_x, sigma.y

real ti, t2, t3
ces*+ Top Center Region, sigma_y nonzero
cesse Bottom Left Region (BL), sigma x & sigma_y nonzero
do 110 i=1,max_x

do 120 j=1,PML_DEPTH do 10 i=1,PML_DEPTH
sigma_y = sigma_maxe((j+0.0)/PML_DEPTH)*»2.0 sigma_x = sigma_max+((PML_DEPTH+1.0-i)/PML_DEPTH)#+2.0
c3 = exp(-sigma_yedt/eps) ¢l = exp(-sigma_x»dt/eps)
c4 = (1-¢3)/(sigma_y*deltarstareta) c2 = {1-c1)/(sigmn_x*delta)
if (i.eq.max_x) then do 20 j=1,PML_DEPTH
t1=hyytr(1,j) sigma_y = sigmm_max#((PML_DEPTH+1.0-j)/PML_DEPTH)**2.0
else ¢3 = exp(-sigma_y*dt/eps)
t1=hyytt(i+l,j) c4 = (1-c3)/(sigme_y*delta)
end if

t1=ezxbl(i,j)+ezybl(i,j)
if (j.eq.PML_DEPTH) then

+2=0.0 if (i.eq.1) then
else t2=0
t2=hxxtt (i, j+1) else
end if t2=ezxbl(i-1,j)+ezybl(i-1,j)
snd if

ezxtt(i,j)=ezxtt(i,j)-((c*dt)/delta)s(t1-hyytt(i,j))
ezytt(i,j)=c3+ezytt(i,j)+cd* ((eta)*(t2-hxxtt(d,j))}) it (j.eq.1) then
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t3=0
else
t3=e2xbl (i, j-1)+ezybl (i, j-1)
end if

hyybl(i,j)=clshyybl(i,j)-c2#(1/eta)+(t1-t2)
hxxbl(i,j)=c3*hxxbl(i,j)+cd*(1/eta)*(t1-£3)
20 continue
10 continue

ces+s Top Left Region (TL), sigma_x & sigma_y nonzero

do 30 i=1,PML_DEPTH
sigma_x = sigma_max*({(PML_DEPTH+1.0-i)/PML_DEPTH)*#2.0
cl = exp(-sigma_x*dt/eps)
€2 = (1-¢1)/(sigma_x*delta)

do 40 j=1,PML_DEPTH
sigma_y = sigma_max*((j+0.0)/PML_DEPTH)#*2.0
c3 = exp(-sigma_y*dt/eps)
¢4 = (1-c3)/(sigma_y*deltn)

ti=ezxt1(i,j)+ezytl(d,j)

if (i.eq.1) then
£2=0
else
t2=ezxtl{i-1,j)+ezytl(i-1,j)
end if

if (j.eq.1) then
t3=02x11(i,max_y)+ezyll(i,max_y)
else
£3=ezxt1(i,j-1)+ezytl (i, j-1)
end if

hyytl(i,j)=cishyytl(i,j}-c2#(1/eta)*{t1-t2)
hxxtl(di,j)=c3#hxxtl(i,j)+cd*(1/eta)*(t1-t3)
40 continue
30 continue

c#++x Top Right Region (TR), sigma_x & sigma_y nonzero

do B0 i=1,PML_DEPTH
sigma_x = sigma_maxw{{i+0.0)/PML_DEPTH)*#2.0
¢l = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x*delta)

do 60 j=1,PML_DEPTH
sigma_y = sigma_max+*((j+0.0)/PML_DEPTH)**2.0
¢3 = exp(-sigma_y*dt/eps)
c4 = (1-c3)/(sigma_y+*delta)
tl=ezxtr(i,j)+ezytr(i,j)

if (i.eq.1) then

t2=ezxtt (max_x,j)+ezytt (max_x,j)
else

t2=ezxtr(i-1,j)+ezytr(i-1,3)
end if

if (j.eq.1) then
t3=ezxrr(i,max_y)+tezyrr(i,max_y)
slse
t3=ezxtr(i,j-1)+ezytr(i,j-1)
end if

hyytr(i,j)=cishyytr(i,j)-c2=(1/eta)*(t1-£2)
hxxtr{i,j)=c3*hxxtr(i,j)+c4*(1/eta)*(t1-¢£3)
60 continue
50  continue

cs*s* Bottom Right Region (BR), sigma_x & sigma_y nonzero

do 70 i=1,PML_DEPTH
sigma_x = sigma_max*((i+0.0)/PML_DEPTH)*#2.0
cl = exp(-sigma_x*dt/eps)
c2 = (1-c1)/(sigma_x*delta)

do 80 j=1,PML_DEPTH
sigma_y = sigma_max+((PML_DEPTH+1.0-j)/PML_DEPTH)#**2.0
c3 = exp(-sigma_y+dt/eps)
c4 = (1-c3)/(sigma_y*delta)
tl=ezxbr(i,j)+ezybr(i,j)

it (i.eq.1) then

t2=ezxbb(max_x,j) +szybb(max_x,j)
else

t2=ezxbr(i-1,j)+ezybr(i-t1,j)
end if

it (j.eq.1) then
+3=0

elze
t3=ezxbr(i,j-1)+ezybr(i,j-1)
end if

hyybr(i,j)=clehyybr(i,j)-c2*{1/eta)*(t1-t2)
hxxbr (i, j)=c3*hxxbr(i,j)+cd*(1/eta)*(t1-¢3)
80 continue
70 continue

c*##» Bottom Center Region (BB), sigma_y nonzero

do 80 i=1,max_x
do 100 j=1,PML_DEPTH
sigma_y = sigma_max*((PML_DEPTH+1.0-j)/PML_DEPTH)*+2.0
c3 = exp(-sigma_y*dt/eps)
c4 = (1-c3)/(sigma_y*delta)

t1=ezxbb(i,j)+ezybb(i,j)

if (i.eq.1) then

t2=ezxbl (PML_DEPTH, j }+ezybl (PML_DEPTH, j)
else

t2=ezxbb(i-1,j)+ezybb(i-1,j)
end if

if (j.eq.1) then
£3=0
alsze
t3=ezxbb{i,j-1)+azybb(i,j-1)
end if

hyybb(i,j)=hyybb(i,j)-(c*dt/delta)*(ti-+2)
hxxbb{i, j)=c3*hxxbb(i,j)+c4*(1/eta)*(t1-¢3)
100 continue
80 continue

c*s+* Top Center Region (TT), sigma_y nonzero

do 110 i=1,max_x
do 120 j=1,PML_DEPTH
sigma_y = sigma_max*({j+0.0)/PML_DEPTH)*#+2.0
c3 = exp(-sigma_y*dt/eps)
cd = (1-c3)/(sigma_ysdelta)

ti=ezxtt (i, j)+ezytt(i,j)

if (i.eq.1) then

t2=ezxt1(PML_DEPTH, j)+ezytl(PML_DEPTH, j}
else

t2=ezxtt(i~1,j)+tezytt(i-1,j)
end if

if (j.eq.1) then
t3=ez(i,max_y)

else
t3=ezxtt(i,j-1)+ezytt(i,j-1)

end if

hyytt(i,j)=hyytt (i, j)-(c*dt/delta)*(t1-t2)
hxxtt (i, j)=c3shxxtt(i,j)+cas(1/eta)*(t1-£3)
120 continue
110 continue

ces*s Right Center Region (RR), sigma_x nonzero

do 130 i=1,PML_DEPTH
sigma_x = sigma_max*{((i+0.0)/PML_DEPTH)**2.0
cl = exp(-sigma_x#*dt/eps)
c2 = (1-c1)/(sigma_x+delta)

do 140 j=1,max y
ti=ezxrr(i,j)+ezyrr(i,j)

it (i.eq.1) then
t2=ez(max_x,j)
elss
t2=ezxrr(i-1,j)+ezyrr(i-1,j)
end if

if (j.eq.1) then
t3=ezxbr(i,PML_DEPTH)+ezybr(i,PML_DEPTH)
else
t3=ezxrr(i,j-1)+ezyrr(i,j-1)
end if

hyyrr(i,j)=cishyyrr(i,j)-c2*(1/eta)»(t1~¢t2)
hxxrr(i,j)=hxxrr(i,j)+(c*dt/delta)*(t1-t3)
140 continue
130 continue

cees* Left Center Region (LL), sigma_x nonzero
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do 150 i=1,PML_DEPTH
sigma_x = sigma_maxs((PML_DEPTH+1.0-i)/PML_DEPTH)=**2.0
cl = exp(-sigma_x*dt/eps)
¢2 = (1-c1}/(sigma_x*delta)

do 160 j=1,max_y
t1=ezx11{i,j)+ezyll(i,})

if (i.eq.1) then
t2=0
else
t2=ezx11{i-~1,j)+ezyll(i-1,j)
end if

if (j.eq.1) then
t3=ezxbl(i,PML_DEPTH)+ezybl (i, PML_DEPTH)
else
t3=ezx11(i,j-1)+ezy1l(i,j-1)
end if

hyy11(i,j)=ci*hyyll(i,j)-c2+(1/eta) *(t1-t2)
hxx11(i,j)=hxx11(i, j)+(c*dt/delta)*(t1-t3)
180 continue
150 continue

RETURN
END

y=(j+0.5)*delta-delta
t=(time_step-0.0)*dt

ezinc = amplitude(delay+t+{x*cost+y*sint)/c)

RETURN
END

< REAL FUNCTION HXINC returns the value eta times the Hx incident field

c at the given location and time.

REAL FUNCTION hxinc(i,j,time_step)

implicit none
include ’common.f’

integer i,j,time_step
real x, y, t, amplitude

x=(i+0.5)*delta
y=(j+0.0)sdelta-delta
t=(time_step+0.5)*dt

hxine = sint*amplitude(delay+t+(x*cost+y*sint)/c)

RETURN
END

LT
< BOUNDARY_CONDITIONS sets all the appropriate fields in the staircase
¢ model to zero.

c REAL PUNCTION HYINC returns the value eta times the Hy incident field

¢ at the given location and time.

PP,
SUBROUTINE boundary_conditions

implicit none
include ’common.f’

integer index

do 10 index = 1,stair_node_count-1
if (stair_zero(index,3).eq.exf) then
hx(atair_zero(index,1),stair_zero(index,2)) = 0.0
alse if (stair_zerc(index,3).eq.eyf) then
hy(stair_zero(index,1),stair_zero(index,2)) = 0.0
end if
10 continue

ce#*» Set conditions for ground plane.
if {include_ground_plane) then
do 20 index = 1,max_x
hx(index,1) = 0.0
20 continue
end if

RETURN
END

¢ GENERATE_INCIDENT FIELD_LOOKUP _TABLE calculates the propagation of
¢ the one-dimensional wavs along the k-vector at ths current time
< step that is used to calculate incident at all locations.

SUBROUTINE generate_incident_field_lookup_table(time_step)

implicit none
include ‘common.f’

integer time_step

RETURN
EXND

¢ REAL FUNCTION EZINC returns the value of the Ez incident field at the

¢ given location and time.

REAL FUNCTION ezinc(i,j,time_step)

implicit none
include ’common.f’

integer i,j,time_step
real x, y, t, amplitude

x={i+0.5)*delta
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REAL FUNCTION hyinc(i,j,time_step)

implicit none
include ’'common.f’

integer i,j,time_step
real x, y, t, amplitude
x=(i+0.0)#delta
y=(j+0.5)*delta-delta
t=(time_step+0.5)+dt

hyinc = -cost*amplitude (delay+t+(x*cost+y*sint)/c)

RETURN
END

¢ REAL FUNCTION EZREF returns the value of the Ez reflected field at the

¢ given location and time.

REAL FUNCTIOR ezref(i,j,time_step)

implicit none
include ’common.f’

integer i,j,time_step
real x, ¥y, t, amplitude

x=(i+0.5)*delta

y=(j+0.6)*delta~delta

t=(time_step-0.0)*dt

ezref = amplitude(delay+t+(x*cost-y*sint)/c)

RETURN
END

¢ REAL FUNCTION HIREF returns the value eta times the Hx reflected field

c at the given location and time.

REAL FUNCTION hxref(i,j,time_step)

implicit none
include ’common.f’

integer i,j,tims_step
real x, y, t, amplitude

x=(i+0.5)sdelta
y=(j+0.0)*delta-delta
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t=(time_step+0.5)}*at
hxref = -sintsamplitude(delay+t+{x*cost-y*sint)/c)

RETURN
END

¢ REAL FUNCTION HYREF rsturns the value eta times the Hy reflected fisld
¢ at the given location and time.

REAL FUNCTION hyref(i,j,time_step)

implicit none
include ’common.f’

integer i,j,time_step
real x, y, t, amplitude
x=(i+0.0)*delta
y=(j+0.5)*delta-delta
t=(time_step+0.5)*dt

hyref = -cost*amplitude(delay+t+(x*cost-y*sint)/c)

RETURN
END

- ekEk EA L AL L EES PR LIS L Rl L ]
¢ REAL FUNCTION AMPLITUDE returns the value of the envelope at a given
¢  space-time locations

e hbah EA R LLL RS ES LI R 222 Ld

REAL FUNCTION amplitude(x)

implicit none
include ’common.f’

real x

it (modulate.eq.1) then
amplitude = 15sexp(-{(2#sqrt(2.5)*x/width)*»2.0))#*

1 sin(2*pi*modfreqsx)
else
amplitude = 315%exp(-{((2%sqrt{2.6)*x/width)»»2.0))
end if
RETURN
END

The following, post.f, contains the subrou-
tines for performing the DFT on the fly of the
fields as well as those for computing the radar
cross sections.

ceswx 2D FDTD H-polarization code *#skss
crsne POST.F REEAE

cesstrirss IMPORTANT! PLEASE READ BELOW *##ssesesc

Note that in the code below, H fields are
labeled as E fields, and B fields are labsled
as H fields. Signs and other parameters have
been adjusted to correctly represent Maxwell’s
equations. The reason for this is that the

2D FDTD E-polarization case has already been
done, and we uss duality rather than go
through and change every variable name.

o0onaoaenon
ano0oaonoa

UPDATE_FREQS performs the DFT on the fly along a virtual surface
c that encloses the scatterer source.

a

SUBROUTINE update_freqs(time_step)

implicit none
include ’common.f’

integer i, j, time_step, k, fi, ytemp
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20

30

40

50

10

real ¢
comple

do 10
if

els

emp, cfreq
x tempfactor

fi = minf,maxf,stepf
(include_ground_plane) then
k = y2+rcs_space

e

k=0

end if

cf.
cfr

tempfactor = exp(2.0+pi»(0.0,1.0)%dt*time_stap*cfreq)
int *,2.0%pi*(0.0,1.0)*dt*time_step*(low_freq+

pr
i=
ir

els:

end
do

Gon

j=y
do

con

i=x
it

els

end
do

<cont

it

end
contin

RETURN

req = low_freq+dfreqe(£i+0.0)
eq = freqlist(fi,1)

dfreq*(£1+0.0)})

x1-rcs_space
(include_ground_plane) then
ytemp = yl
®
ytemp = yl-rcs_space
it
20 j=ytemp,y2+(rcs_space-1)
if (j.eq.(yl-rcs_space)) print *, k+1
k=k+1

temp = ez(i,j)
ezfreq{fi,k)=ezfreq(fi,k)+temp*temptactor

temp = 0.5%(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxfreq{(fi,k) +temp*tempfactor

temp = 0.5*(hy(i,j)+hy(i+1,3))
hyfreq(fi,k)=hyfreq(fi,k)+temp*tempfactor
tinue

2+rcs_space
30 i=xl-rcs_space,x2+rc¢s_space-1

if (i.eq.(x1-rcs_space)) print * k+1
k=k+1

temp = ez(i,j)
ezfreq(fi,k)=ezfreq(fi,k)+tempstempfactor

temp = 0.5%(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxtreq(fi,X)+temp*tempfactor

temp = 0.5%(hy(i,j)+hy(i+1,3))
hyfreq(fi,k)=hyfreq(fi,k)+temp*tempfactor
tinue

2+rcs_space
(include_ground_plane) then
ytemp = yi
o
ytemp = yi-(rcs_space-1)
it
40 j=y2+rcs_space,ytemp,-1
if (j.eq.(y2+rcs_space)) print =, k+1
k=k+1

temp = ez(i,j)
ezfreq(fi,k)=ezfreq(fi, k)+temprtemptactor

temp = 0.5o(hx(i,j)+hx(i,j+1))
hxfreq(fi,k)=hxfreq(fi,k)+temp*tempfactor

temp = 0.5s(hy(i,j)+hy(i+1,j))
hyfreq(fi,k)=hyfreq(fi,k)+temp*tempfactor
tinue

(.NOT.include_ground_plans) then
j=yl-rcs_space
do B0 i=x2+rcs_space,xl-rcs_space,-1
it (i.eq.(x2+rcs_space)) print *,k+1
k=k+1

temp = oz(i,j)
ezfreq(fi,k)=ezfreq(fi,x)+tempstempfactor

temp = 0.5 (hx(i,j)+hx{i,j+1)})
hxfreq(fi,k)=hxfreq(fi,k)+temp*tempfactor

temp = 0.5#(hy(i,j)+hy(i+1,j)})
hyfreq(fi,k)=hyfreq(fi,k)+temp*tempfactor
continue
if

ue
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END
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¢ WRITE_OUT_FREQS writes out all freq field comp data.

B T L e e P R P R TR PR LY

cRRNE

30

20
10

SUBROUTINE write_out_£freqs

implicit none
include ’common.f’

integer fi, k, rbeg, rend
complex temp

write(6,s) ’Writing out freguency data...’

open(unit=10,file=’ezf.dat’,status="'unknown’,form='formatted’)
open(unit=11,file=’hxf.dat’,status=’'unknown’,form='formatted’)
open(unic=12,fi1c=’hyf.dut’,status=’unknown’,form='formatted0

Save state
opsn(unit=13,filo=’info‘dnt’,status=’unknown’,form=’formacted’)

write(13,%*) max_x

write(13,*) max_y

write(13,*) delta

write(13,=) dt

write(13,%) tot_time_steps

write(13,*) x1,yi,x2,y2

write(13,*) inc_ang

write(13,*) modulate

write(13,*) modfreq

write(13,%) delay

write(13,*) width

write(13,*) include_ground_plane

write(13,*) num_freqs

do 30 fi = minf,maxf
write(13,*) freqlist(fi,1)

continue

close(unit=13)
if (include_ground_plane) then

Theg = y2+rcs_space+l
rond = 3%y2+x2-x1-1+§*rcs_spacs

else

rbeg = 1

rend = 2+(x2-x1)+2+(y2-y1)+8%rcs_space+l
end if

do 10 fi = minf,maxf,stepf
do 20 k=rbeg, rend
temp = ezfreq(fi,k)
write(10,*) real{temp),aimag(temp)
temp = hxfreq(fi,k)
write(11,+) real(temp),aimag(temp)
temp = hyfreq(fi,k)
write(12,#) real{temp),aimag(temp)
continue
continus

close{(unit=10)
close(unit=11)
close{unit=12)

RETURN
END

¢ CALC_RCS calculates the 2D RCS at the requestad output locations.

craRn

crenn

SUBROUTINE calc_rcs

implicit none
include ’common.f’

integer fi,index1,llc,ulc,urc,lrc, tfreq

real cfreq, kwave, sinp, cosp, phi_obs, time, cphi_obs
real xphys, yphys, amplitudes, rcs, dpfreq, dkwavs,iphi_obs
real tempr, tempi

complex eincfreq, I1, I2, I3, I4, Fphi, uniti, phase
write(6,*} 'Calculating RCS...*'

Define unit imaginary number
uniti = (0.0,1.0)

Redefine x1,x2,y1,y2 so that are the cormers RCS box

if (include_ground_plame) yi=-y2+1
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cErex
cHeEx
cHeks

cHrer

cHren
cHrER

x1 = xl-rcs_space
x2 = x2+rcs_space
y1 = yl-rcs_space
y2 = y2+rcs_space

Determine labels for corners based on update_freq
1llc = lower left corner, ulc = upper left corner
1lrc = lowser right cormer, urc = upper right corner

this one has two labels, 1, and what's given below
1lc = 2#(x2-x1)+2#(y2-y1)+1

ule = y2-y1+1

urc = x2-x1+y2-yi+1

Irc = 2#(y2-y1)+x2-x1+1

print =, xi,y1,x2,y2

print *, 1, ulc, wurc, lrc, 1llc

with ground plane use image theory to gen. fields for lower half
of huygens’ surface. Equiv. to using layered Green's functions
if (include_ground_plane) then
do 500 fi=minf,maxf,stepf
do 610 indexi=1,y2

ceasrssrirbsss Reflact left top side of Huygens’ surface down

ezfreq{fi,index1) = ezfreq(fi,2+y2+1-index1)
hxfreq(fi,index1+1) = -hxfreq(fi,2*y2+1-index1)
hyfreq{fi,index1) = hyfreq(fi,2+y2+1-index1)

cresrexvsrrras Roeflect right topside of Huygens’ surface down

510

ezfreq(fi,lrc-indexi+1) = ezfreq(fi,urc+indexl-1)

hxfreq(fi,lrc-indexi) = -hxfreq(fi,urc+indexi-1)
hyfreq(fi,lrc-index1+1) = hyfreq(fi,urc+index1-1)
continue

c#unssssrks Approximations b/c nothing to reflact

hxfreq(fi,1) = hxfreq(fi,2)
hxfreq{(fi,lrc) = hxfreq(fi,lrc-1)
do 520 indexl=ulc+1,urc-1

cakbesaxasssss Reflect middle top of Huygens’ surface down

520
500

ezfreq(fi,llc-indexi+ulc) = ezfreq(fi,indexi)
hxfreq(fi,llc-indexl+ulc) = -hxfreq(fi,index1)
hyfreq(fi,llc-indexl+ulc) = hyfreq(fi,indexi)
continue
continue
end if

open{unit=10,file='rcs.dat’,status=’unknown’,form='formatted’)
open(unit=14,fila=’inc.dut’,stntus=’unknonn’,form='formntc¢d’)
open{unit=15,file=’'debug.dat’,status=’unknown’,forn=’formatted’)

cresxnsnsesesunnssxxnuss READ IN EXACT DATA

open{unit=11,file=’ez.dat’,status=’unknown’,form=’formatted’)
open{unit=12,file="hx.dat’,status=’unknown’,form=’formatted’)
open(unit=13,file=’hy.dat’,status=’unknown’,form=’formatted’)

read{i1,*) tempr, tempi
ezfreq(0,index1) = (tempr+(0.0,1.0)*tempi)
read(12,*) tempr, tempi
hxfreq(0, index1) = (tempr+(0.0,1.0)*tempi)
read(13,+) tempr, tempi
hyfreq(0,indexl) = (tempr+(0.0,1.0)*tempi)

END OF READING IN EIACT DATA

loop through m=ll freqs of interest.

c
c
c
c
c do 200 indexi = 1, llc-1
c
c
c
c
c
c
¢ 200 continue
c close(unit=11)
¢ close(unit=12)
< close (unit=13)
<
¢ ezfreq(0,llc) = ezfreq(0,1)
c hxfreq(0,1lc) = hxfreq(0,1)
c hyfreq(0,1lc) = hyfreq(0,1}
c
cornn
do 10 fi = minf, maxf, stepf
c

cfreq = low_freqtdfreq*(£i+0.0)

ceessexs Note 1: tfreq = 0 if normal frequency.

CHRRRREE
cERERREE

tfreq = i (i=1..MNANG) ocfreq(46,1) contains the true
freq.

cesswsss Note 2: the monostatic angles calculated are always

ChERRRRE

ine_ang-45, ..., inc_ang+45 in 1 deg increments

casssssx Note 3: The variables dpfreq and dkwave are determined based

crEERESE
CRERRRES

on the current frequency at which the RCS is actuelly
being calculated at.

cfreq = freqlist(fi,1)
tfreq = freqlist{(fi,2)
if (tfreq.eq.0) then

dpfreq = cfreq
else
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dpfreq = freqlist{46+int((£i-~1.0)/(MNANG+0.0))*MNANG,1)

if (freqlist(46+int((tfreq-1.0)/(MNANG+0.0))*MNANG,2) .ne. do 80 indexi = ure¢,lrc
1 46) then yphys = real(y2-indexi+urc)*delta
print », ’error, bad location of actual freq' xphys = real(x2)sdslta
end if phase = -unitiskwave*yphys*sinp
end if
12 = 12 + (-hyfreq(fi,indexl)-ezfreq(fi,index1)=*
dkwave = 2.0+pisdpfreq/c i cosp)*cexp(+phagse)*delta
kwave = 2.0*piscfreq/c 80 continue
sincfreq = 0.0 12 = I2+cexp(-unitiskwavesxphysscosp)
do 20 indexl = 1, tot_time_steps
time = (index1+0.0)#*dt FREREEARALRER ares L)
eincfreq = eincfreq + amplitude(delay+time+(delta*max_x* crerrarerprannenrnsnssnnnne [NTEGRAL 1 #44us LAl dd
1 cost/2.0+deltasmax_y*sint/2.0)/c)*cexp(2.0+pi*unitis CHERERIRRBRANB AN RSB SXRE R BN L T T
1 (timascfreq)) cssss Compute Integral over x’ at yl
20 continue
< print #,cfreq,eincfreq do 100 indexl = lrc,llc
yphys = real(yl)=delta
ces*s loop through all scattering angles of interest xphys = real{(x2-indexl+lrc)e*delta
phase = -uniti*kwavesxphys*cosp
cwkx* if mono_bi == 1, choose normal bistatic RCS angles
cuxns in this case, phi_obs and cphi_obs are aqual since the reported I1 = I1 + (-hxfreq(fi,indexl)+ezfreq(fi,index1)s
c¥#¥*  angle is the same as the angle used in the calculations. 1 sinp)*cexp(+phase)*delta
100 continue
cexss if mono_bi == 2, chocse angles based on freqs for moncatatic RCS
[-1lidd in this case, phi_obs represents the monostatic angle we are I1 = Iiscexp(-uniti*kwave*yphys*sinp)
cHERR trying to calculats the RCS at, whils cphi_obs represents ths
cHRRR bistatic angle we use to approx the monostatic angle we need Cexes Sum Integrals
do 30 iphi_obs = low_phi, high_phi, dphi Fphi = cexp{uniti*pi/4.0)*sqrt{(kwave/8.0/pi)*(I1+
phi_obs = iphi_obs 1 12+13+14)
if (mono_bi.eq.1) then
cphi_obs = phi_obs < print *,cfreq,phi_obs,Fphi
elsze Ce#sx Calculate RCS
phi_obs = inc_ang + freqlist(fi,2)-46.0
cphi_obs = 2#phi_obs-inc_ang rcs = 2«pi*((cabs (Fphi))*#2.0)/((cabs{eincfreq))++2.0)
CRERREIERS verify that we are using the correct cfreq (debug mods) c*sss For use when reading in exact near field data.
if (abs(cfreq-dpfreq+(1.0/cos((phi_obs-inc_ang)+* c rcs = 2#pi*((cabs(Fphi))**2.0)
1 pi/180))).gt.tole) then
print *, ‘error, miscalculated frequsncy' ce#s+ Write out results (RCS given in dBm)
c stop c*sxs Note extra column of zeros written out to allow compatibility
end if c**#* yith MATLAB scripts that read RCS data and plot them.
c write(15,%) cfreq,dpfreq,phi_obs,cphi_obs
end if write(10,*) dkwave,0.0,phi_obs,10+AL0G10(xcs)
write(14,*) dkwave,real{eincfreq),imag(eincfreq),real (Fphi),
cosp = coa{(cphi_obs/180.0)¢pi) 1 imag (Fphi)

sinp = sin((cphi_obs/180.0)+pi)

ce#»x Initialize values of integrals. 30 continue
It = (6.0,0.0) 10 continue
12 = (0.0,0.0)
I3 = (0.0,0.0) close(unit=10)
I4 = (0.0,0.0) close{unit=14)
close(unit=156)
e
IRTEGRAL 4 . LA LIS Ed RETURN
END
C#s»+ Compute Integral over y’ at xi
do 40 indexl = 1,ulc ¢ WRITE.OUT_MOVIE_FRAME
yphys = real(yl+indexi-1)sdelta
xphys = real(x1)+delta
phase = -unitiskwaveeyphys=*sinp SUBROUTIKE write_out_movie_frame(a,time_step)
14 = 14 + (hyfreq(fi,indexl) + ezfreq(fi,index1)# implicit none
1 cosp)*cexp(+phase)sdelta include ’'common.f’
40 continue
character a(1:dummy)
I4 = I4*cexp(-unitiskwavesxphys+*cosp)
integer i,j,ia,time_step
ERRRER RN ERR real ezinc
INTEGRAL 3
© integer nsplit,ns,l
cssxs Compute Integral over x’ at y2 integer hlevels,numcolorsl,center,topcolor,nctshift,ngray
< topcolor: location of top of colorbar
do 60 index1 = ulc,urc < numcolorsl: 1 less than # of colors in colorbar
yphys = real(y2)*delta parametsr {numcolorsi=128,topcolor=243)
xphys = real(xi+indexi-ulc)*delta c netshift: = color table shift
phase = -unitiskvavesxphysscosp parameter(nctshift = topcolor-numcolorsi)
parameter (ngray = topcolor-numcolorsi-1)
I3 = 13 + (hxfreq(fi,indexl)-ezfreq(fi,index1)* < hlevels = numcolorsi/4
1 sinp)*cexp(+phase)sdelta parameter (hlevels=numcolorsi/4)
60 continue 3 center = 2vhlevels + 1/2
parameter (center = 2¢hlevels + 0.5)
13 = I3*cexp(-unitiskwavesyphys*sinp) character frmt*30
o - - write(frmt,’(al1,i4,a6)’) (', max_x, ’(al))’
CREXRERREREERERRbEabndhnsbk INTEGRAL 2 -
Ensanran . PO do 10 j=min(1000,max_y),1,-1
cesx» Compute Integral over y’ at x2 do 20 i=1,min(1000,mex_x)
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ia=int((ez(i,j))*hlevels+center+0.5)

if (tot_scat(i,j).eq.0.0R.tot_scat(i,j).eq.1.0R.
1 tot_scat(i,j).eq.11.0R.tot_scat(i,j).eq.12.0R.
1 tot_scat(i,j).eq.15) then
ia=int (((ez(i,j)+ezinc(i,j,time_step+1)})/4.0)*hlevels+
1 center+0.5)
else
ia=int((ez(i,j)/4.0)*hlevels+center+0.5)
end if
if (abs{(ez(i,j).gt.max_field}) then
max_field=abs(ez(i,j))
print *,time_step,i,j,max_field
end if

if (ia .1t. 0) ia=0
if {ia .gt. numcclorsl) ia=numcolorsl
a(i)=char(iatnctshift)

continue

write(4,frmt) a
continus

RETURN
END

s LLEld

c WRITE_QUT_ALL_PARMS ontputs to a file all important parameters used

<

in running the simulation.

10

SUBROUTINE write_out_all_parms(store_freq)

implicit nons
include ’common.f’

integsr index
real x(1:MAX_STAIR_NODES), y(1:MAX_STAIR_NODES)
logical store_freq

open{unit=10,file=’st2.dat’,status="unknown’,form=’formatted’)

do 10 index = 1,stair_node_count-1
x(index) = real{stair_zero(index,1))
y(index} = real(stair_zero(index,2))
write(10,*) x(index),y(index),stair_zero(index,3)
continue
close (unit=10)

open(unit=10,file=’fdtd.out’,status=’unknown’,form='formatted’)

write(10,%) 'max_x = ', max_x,’;’
write(10,») ’max_y = ’, max_y,’;’
write(10,») ’delta = ’, delta,’;’

write(10,*) ’dt = ’, dt,’;*

write(10,*) ’'N = ’, tot_time_steps,’;’
vrite{10,*) ‘inc_ang = ’, inc_ang,’;’
write(10,*) ’modulate = ’, modulate,’;’
write(10,*) ’modfreq = ’, modfreq,’;’
write(10,%) ‘delay = ’, delay,’;’
write(10,*) ’width = ’, width,’;’
write(10,»)

write(10,*)
write(10,)

Juidth/dt = *, width/dt
’stair_node_count = ’, stair_node_count
write(10,*) ’sigma_max = ’, sigma_max

urite(10,+) °x1,y1,x2,y2= ?,x1,y1,x2,y2

if (include_ground_plane} then

write(10,%) ’‘rcs_nodes = ’,2%(x2-x1)+4%y2-2+B*rcs_space+l
else
write(10,*) ’rcs_nodes = 7, 2#(y2-y1)+2#(x2-x1)+8srcs_spaca+l
end if
if (store_freq) then
urite(10,*) ’low_freq (GHz) = ’, freqlist(1,1)/1.0e9
write(10,*) ’high_freq (GHz) = ?, freqlist(num_freqs,1)/1.0e9
write(10,*) ’num_freqs = ’, maxf-minf+l
end if

call plotb(x,y,stair_node_count-~1,51,41,10)
close (unit=10)

RETURN
END

CHEFEAREERARRRETARRREEAE R AL RS LRSS RAED ST RXERE XSS EE XN RESAERTAREPI RO DN
¢ PLOTB takes a set of data points (X,Y) and makes and ascii plot out

[

of them

c

C WRITTEN 2/14/74

PP, AESRREERRRERE

SUBROUTINE PLOTB(X,Y,N,NC,NR,FID)
BY J. M. PUTNAK

DEPT 220 x23877
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S ROUTINE PRODUCES A LINEAR XY PLOT.

N IS THE NUMBER OF POINTS TG BE PLOTTED.

NR IS TBE NUMBER QOF ROWS TO BE USED FOR THE Y-AXIS.

NC IS THE NUMBER OF COLUMNS TO BE USED FOR THE X-AXIS.
NOTE, NC-1 MUST BE DIVISIBLE BY 10 AND LESS THAN 102.

REAL X(161),Y(161),HEAD(10)
INTEGER LINE(101),BLANK,STAR,FID
DATA BLANK,STAR /1H ,1Hs/
N10=(NC-1)/10

WRITE(PID,500)

FORMAT(//,17H1BODY COORDINATES)
WRITE(PID,504)
XMIN=X(1)

XMAX=X (1)
YMIN=Y(1)

YMAX=Y (1)

DO 6 I=1,N
IP{X(I).LT.XMIN)
IF{X(I).GT.XMAX)
IF(Y(I).LT.YMIN)
IF(Y(I).GT.YMAX)
CONTINUE
DEL=XMAX-XMIN
IF(YMAX-YMIN.GT.DEL) DEL=YMAX-YMIN
XMAX=XMIN+DEL

YMAX=YMIN+DEL

D0 5 I =1,K10

z=1

HEAD (X)=(XMAX-XMIN)*Z/N10+XMIN
DY=(YMAX-YMIN)/(NR-1)

Z=YMAX+DY

YL=Z-DY/2.

DO 7 J=1,NR

DO 8 K=1,NC

LINE(K)=BLANK

Z=%-DY

YU=YL

YL=Z-DY/2.

DO 9 I=1,N

IP(Y(1).GE.YU) 6O TO 9

IF(Y(I).LT.YL) 60 TC 9

K=(X(I)-XMIN}/ (XMAX-XMIN) *(NC-1}+1.5
IF (K.GT.NC) K=NC

LINE(K)=STAR

CONTINUE

WRITE(PID,508) Z,(LINE(K),K=1,NC)
CONTINUE

WRITE(FID,504)

WRITE(FID,3002)

WRITE(FID,507) XMIN, (HEAD(I),I=1,N10)
ELE

IMIN=X(1)
XMAX=X(1)
YMIN=Y(I)
YMAX=Y(I)

RETURN

FORMAT ( 1X, 14(1E-), 1H., 10(5H--
FORMAT (10X,11(F10.4))

FORMAT (1X, F12.4,1X, 1HI, 51A1, 1HI )
PORMAT(4X ,7HRB / ZB,4X,1HI,5(9I,1EI))

), 1H- )

ERD

The following, common.f, is used to create

common blocks that are included in most

he subroutines used by the 2D FD-TD TM
gram.

crens
cEran

2D FDTD H-polarization code #sexss
CDMMOX .F rxemex

creE

chRRE

common.include fils. Contains all global variable declarations.

Variables changed to allocate memory

integer MAX_X_CELLS, MAX_Y _CELLS, MAX_NODES, MAX_STAIR_NODES,
1 MAX_RCS_NODES, MAX_FREQS

parameter (MAX_I_CELLS=100)
parameter (MAX_Y_CELLS=100)
parameter (MAX_NODES=10)
parameter (MAX_STAIR_NODES=81)
parameter (MAX_RCS_NODES=169)
parameter (MAX_PREQS=546)

chusn

* D0 KOT CHANGE BELOW
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c*sxs Important contants
real ¢, mu, pi, eps, eta

parameter(c=2.9979247917E8, mu=1.25663706144E-6, pi=3.1415926535,
1 eps=8.8541874E-12, eta=376.73032)

real tole
parameter(tole = 1.0a-8)

c*»*# Simulation Variables
real delta, dt, sigma max, reflectiom, ij
integer tot_time_steps, dummy, movie_step
logical store_movie

cex** Grid layout variables.

integer PML_DEPTH

parameter (PML_DEPTH=15)
integer tot_scat(1:MAX_X_CELLS,1:MAX_Y_CELLS)

integer max_x, max_y

c#s#% Points 1 & 2 define the corners of a tot/field region
integer x1,y1,x2,y2

ce%*x* Geomatry data points

real xnodes{1:MAX_NODES), ynodes{1:MAX_NODES)

integer total_nodes, stair_node_count,

1 stair_zero(1:MAX_STAIR_NODES,1:3), ezf, exf, eyf
logical include_ground_plane

parameter(ezf=1,exf=2,o0yf=3)

integer errorcount, errors(10),

1 NODE_ERROR, MAX_X_ERROR, MAX_Y_ERROR, MAX_STAIR_ERROR,
2 MAX_RCS_ERROR

parametor (FODE_ERROR=1, MAX_X_ERROR=2, MAX_Y_ERROR=3,
1 MAX_STAIR_ERROR=4, MAX_RCS_ERROR=5)

ceess Incident Wave parameters
real inc_ang, modfreq, sint, cost, delay, width
integer modulate

cesx% Fields: TM Case

c#+4s Incident fields

integer MAX_M_CELLS
parameter (MAX_M_CELLS = (MAX_X_CELLS+MAX_Y_CELLS})

raal Hinc(1:MAX_M_CELLS), Einc(1:MAX_M_CELLS}
c*s*x Normal fields

real hx(1:MAX_X_CELLS,1:MAX_Y_CELLS),

1 hy(1:MAX_X_CELLS,1:MAX_Y_CELLS),

2 ez (1:MAX_X_CELLS,1:MAX_Y_CELLS)

c*ses PML fields

c#+sx Top and Center fields
real ezxtt(1:MAX_X_CELLS,i:PML_DEPTH),

1 ezytt (1:MAX_X_CELLS,1:PML_DEPTH),
1 hxxtt(1:MAX_X_CELLS,1:PML_DEPTH),
1 hyytt(1:MAX_X_CELLS,1:PML_DEPTH)

c#+#+ Bottom and Center fields
real ezxbb(1:MAX_X_CELLS,1:PML_DEPTH),

1 ezybb(1:MAX_I_CELLS,1:PML_DEPTH),
1 hxxbb (1:MAX_X_CELLS,1:PKL_DEPTH),
1 hyybb(1:MAX_X_CELLS,1:PML_DEPTH)

c*+s# Right and Center fields
real ezxrr(1:PML_DEPTH,1:MAX_Y_CELLS),

1 ezyrr (1:PML_DEPTH,1:MAX_Y_CELLS),
1 hxxrr{(1:PML_DEPTH,1:MAX_Y_CELLS),
1 hyyrr(1:PML_DEPTH,1:MAX_Y_CELLS)

c#s*s Laft and Center fields
real ezx11(1:PML_DEPTH,1:MAX_Y_CELLS),

1 szyl11{1:PML_DEPTH,1:MAX_Y_CELLS),
1 hxx11(1:PML_DEPTH,1:MAX_Y_CELLS),
1 hyyll(1:PML_DEPTH,1:MAX_Y_CELLS)

css»s Top and Right fields
real ezxtr(1:PML_DEPTH,1:PML_DEPTH),
1 ezytr(1:PML_DEPTH,1:PML_DEPTH),

1 hxxtr(1:PML_DEPTH, 1:PML_DEPTH),
1 hyytr(1:PML_DEPTH, 1:PML_DEPTH)

c***# Top and Left fields
real ezxtl(1:PML_DEPTH,1:PML_DEPTH),

1 ezyt1(1:PML_DEPTH,1: PML_DEPTH),
1 hxxt1(1:PML_DEPTH,1:PML_DEPTH),
1 hyyt1(1:PML_DEPTH,1:PML_DEPTH)

cassx Bottom and Right fields
real ezxbr(1:PML_DEPTH,1:PML_DEPTH),

1 ozybr (1:PML_DEPTH, 1:PML_DEPTH),
1 hxxbr(1:PML_DEPTH, 1:PML_DEPTH),
1 hyybr (1:PML_DEPTH, 1:PML_DEPTH)

c#**xx Bottom and Left fields
real ezxbl(1:PML_DEPTH,1:PML_DEPTH),

1 ezybl (1:PML_DEPTH, 1:PML_DEPTH),
1 hxxbl (1:PML_DEPTH, 1:PML_DEPTH),
1 hyybl (1:PML_DEPTH, 1: PML_DEPTH)

c¥#*¢x Frequency domain points
integer minf, maxf, stepf, num_fragqs, rcs_space
parameter{rcs_space=2}

real freqlist(1:MAX_FREQS,1:2)

integer mono_bi

complex ezfreq(1:MAX_FREQS, 1:MAX_RCS_NODES),
1 hxfreq(1:MAX_FREQS, 1:MAX_RCS_NODES),
2 hyfreq{1:MAX_FREQS, 1:MAX_RCS_NODES)

Ca*** Maximum number of monostatic observation points. Currently
C#+++ set to mngle resolution of 1 degree.

integer MNANG

parameter (MNANG=91)

cussx Qutput information
real low_phi, high_phi, dphi

L T P PR P I T

c***s Fields C Block

common hx, hy, ez,
ezxtt, ezytt, hxxtt, hyytt,
ezxbb, ezybb, hxxbb, hyybb,
ezxll, ezyll, hxxll, hyyll,
ezxrr, ezyrr, hxxrr, hyyrr,
ezxtr, ezytr, hxxtr, hyytr,
ezxtl, ezytl, hxxtl, hyytl,
szxbr, ezybr, hxxbr, hyybr,
ezxbl, ezybl, hxxbl, hyybl,
tot_scat, Hinc, Einc, ezfreq,
hxfreq, hyfreq, freqlist

e e e e e b

cess+ Incident Wave Parms Common Block #*ssxwes

common inc_ang, modulate, modfreq,
1 sint, cost, delay, width

cx*4s Simulation & Grid Layout Common Block sesssas

common delta, dt, tot_time_steps, store_movie, movie _step,
max_x, max_y, sigma max, reflectionm,
x1, y1, x2, y2, xnodes, ynodes, total_nodes,
stair_zero, stair_node_count, errors, errorcount,
dummy, ij, include_ground plane

W R e

cs#s* (utput variables common block
real max_field

common low_phi, high_phi, dpki, num freqs,
1 minf, maxf, stepf, max_field, mono_bi
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D.4 BOR PWE Program

The BOR PWE program calculates bistatic
radar cross sections of a PEC body of revolu-
tion with arbitrary cross section. The paraxial
direction may be specified in the +2 directions.
The incident wave direction may be specified
independently of the paraxial direction. The
program can loop through a set of frequncies to

obtain the RCS over an extended bandwidth.

The following, pwe.f, contains the core sub-
routines for the BOR PWE including the in-
put routines, the range marching/linear sys-
tem setup subroutines, and the RCS calcula-
tion subroutine.

L1 -
* PRE --

* This program uses the narrow angle BOR PWE technique to

* calculats the bistatic RCS of BOR targets. The current

hd implementation restricts the paraxial direction to be in the
» +/- z directions, but arbitrary incident wave direction.

LI I

program PWE

implicit none
include ’common.f’

real freq
call get_primary_input
open{unit=9,file=’rc¢s.dat’,status=’unknown’ ,form='formatted’)

do 10 freq = start_freq,end_freq,dfreq
kwave = 2%pisfreq/c

if (comp_forw_scat.eq.i) then
call compute_forvard_fields
else if (comp_forw_scat.eq.2) then
call compute_back_fields
end if

call write_out_rcs_surface_data
call calc_rcs

10 continue

END

¢ GET_PRIMARY_INPUT gets info from user about geomfile name, incident
< wave dirsction and frequency, paraxial direction, and desired out-
< put information.

er
SUBROUTINE get_primary_input

implicit none
include ’common.f*

character*72 ifname
integer image test, nang
reaal freq

integer num_freqs
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31

33

34

write(6,’ (?'*Enter geometry file name: ’'’, $)’)
read(5,*) geomfile

write(6, ’(’’#Stors image? (1 for Y, !'=1 for N} ', $)’)
read(5,s) image_test
store_image = (image_test.eq.1)

if (store_image) then
write(6,’(’’sMovie imgfile name: ’’, $)?)
read(5,*) ifname

Openr up file ’ifname’ for image storage
open{unit=15,file=ifname,status=’unknown’,form=’formatted’)
write(6,*) ’Erho=1, Ephi=2, Ez=3’
vrite(6,’(’'*Enter fieldtype ID:
read(5,+) imagefieldtype

end if

o8

v, 8

write(6,’(’’*«Enter incident angle in degres:
read(5,*) inc_ang

if (inc_ang.gt.360) then
inc_ang = inc_ang-360
goto 31
else if {inc_ang.1t.0) then
ine_ang = inc_ang+360
goto 31
alse
inc_ang = inc_ang/180%pi
end if
write(6,'(’’*Enter lowest frequency of interest: '’,$)’)
read(5,*) start_freq
write(6,’(’’#Enter highest frequency of interest:
read(5,%) end_freq
kwave = 2#pisend_fraeg/c

1,87

dfreq = start_freq

if (abs(end_freq-start_freq).gt.tole) then
write(6,’(’'*Enter the number of frequencies:
read(5,*) num_freqs

L8

dfreq = (end_freg-start_freq)/(num_fregs-1.0)
end if
write(6, (' '*Enter frequency for simulation: ’’', $)’)
read(5,+) freq
kwave = 2spisfreq/c

polarization = HORZ
poelarization = VERT

write(6,’ (’’*Select polarization (1=HORZ,2=VERT):
read(5,*) polarization
if (polarization.eq.1) then
polarization = HORZ
Ehg = 1
Evg = O
else if (polarization.eq.2) then
polarization = VERT

',$)%)

Ehg = 0

Evg = 1.0
else

goto 33
end if

write(6,*) ‘1, Forward only’

write(6,*) ’2. Backward only’

write(6,*) ’3. Porward, then Backward'
write(6,’(’'*Select paraxial direction(s):
read(E5,#) comp_forw_scat

if (comp_forw_scat.lt.1.0R.comp_forv_scat.gt.3) goto 34

1,8)7)

call setup_geocmetry

it (abs{sin(inc_ang)).1t.1d-6) then

amode = 1
emode = 1
else

write(6,*) ’k+rho_max = ’, heightkwave
write(6,%) ’ksrho_maxe*sin(theta_i) = ’, heightkvaves
sin(inc_ang)

write(6,’(’’»Enter start mode: '’, $}')
read(5,+) smode
write(6,’(’*+»Enter end mode: '’, $)?)

read(5,*) emode
end if

write(6,*) ’Bistatic RCS angles (in degrees)’
write(6,’(’’#«Enter initial and final phi: ’7,$,$)?)
read(5,%) low_phi,high_phi

it (abs(low_phi-high_phi).lt.tole) then
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dphi = high phi-low_phi+1.0
slse
write(6,’(’’+#Enter number of angles:
read(5,*) nang
dphi = (high_phi-low_phi)/ real(nang-1.0)

L8

end if
write(6,’(?’+Enter initial and final theta: '’,$,$)’)
read(5,*) low_theta,high theta
if (abs{low_theta-high_theta).lt.tole) then
dtheta = high_theta-low_theta+i.0
else
writa(8,’(’’+*Enter number of angles: ’'’,$)}')

read(5,*) nang
dtheta = (high_theta-low_theta)/ real(nang-1.0)
end if

RETURN
END

P T T P TP Y] Ly
¢ COMPUTE _FORWARD_FIELDS controls the computation of the forward
c scattered fields. Uses subroutines SETUP_LIN_SYS and LINBCGSTAB
CREREREEERR RS RN RO RE R RO

SUBROUTINE computa_forward_ fields

implicit none
include ’common.f’

integer nrange step, mode, k, iter, step
double precision err
complex*16 ef2(NMAX)

call memory_check
call write_out_all_parms

write(6,*) ’Beginning Forward range stepping’
c write(6,’(’’«Enter step to record linsys at: '’,$)?)
[ read(5,*) step

step = 186

do 15 mode = smode, emode
write(6,*) ’Initializing fields for mode =’, mode
call init_fields

open(unit=18,file=’iter.dat’,status=’unknown’,form=’formatted’)
do 20 nrange_step = 1,max_range_step

write(6,*) mode,nrange_step

call setup_lin_sys(nrange_step,modes)

if (nrange_step.eq.step) call write_out_lin_sys
if (store_image) call write_out_image(15)

call linbcgstab(3#max_k+6,efields,ef2,1,1.d-15,max{6*max_k,
1 9000) ,iter,err)
write{18,%) mode,nrange_step,iter,err
do 25 k=1,3%max_k+6
efields({k) = ef2(k)

25 continue

call store_rcs_comp{nrange_step, mods)
20  continue

call calc_h_rcs_comp{mode)
15 continue
close{unit=18)
if (store_image) then
close(unit=15)

end if

RETURN
END

LRI
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¢ COMPUTE_BACK_FIELDS controls the computation of the backward
< scattered fields. Uses subroutines SETUP_LIN_SYS and LINBCGSTAB

SUBROUTINE compute_back_fields

implicit none
includs ’common.f’

integer nrange_step, mode, k, iter, atep
doubls precision err

25

20

complex*16 efZ(NMAX)

call memory_check
call write _out_all_parms

write(6,*) ’Beginning Backward range stepping’
write(8,’(’’*Enter step to racord linsys at: '7,$)?)
read(5,*) step
step = 196
de 15 mode = smode, emode

write(6,*) ’Initializing fields for mode = ’, mode

call init_fields

open{unit=18,file=’iter.dat’,status='unknown’,form=’formatted’)
do 20 nrange_step = max_range_step,1,-1

write(6,*) mode,nrangs_step

call setup_lin_sys(nrange_step,mods)

if (nrange_step.eq.step) call write_out_lin_sys
if (store_image) call write_out_imags(15)

call linbegstab(3*max_k+6,efields,ef2,1,1.d-15,max(6*max k,
1 9000) ,iter,err)
write(18,%) mode,nrange_step,iter,arr
do 25 k=1,3*max_k+6
efields(k) = af2(k)

continue

call stors_rcs_comp(nrange_ step, mode)
continue

call calc_h_rcs_comp{(mode)

continue

close (unit=18)

if (store_image) then
close(unit=16)

end if

RETURN
END

]
[
<
<
[

(LT L4 ek

SETUP_LIN_SYS setups the wave eguation linear system that enables

the fields at range step ’'nrange_step’ to be solved for. It uses
data stored in the geometry description variables to implement
correct boundary conditions which serve to source the propagating
fields.

cHREE

chbkh
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SUBROUTINE setup_lin_sys(nrange_stsp,mode)

implicit none
include ‘common.f’

integer rowr,rowp,rowz,colr,colp,colz,rowbcp,rowberz,rowdiv,
1 rowdiv2,rowbcrz2

integer nrange step, k, point_type(0:(MAX_R_CELLS+1))}, pml_start
complex*16 tikdi, mtik, ptil, gptil, sptil, temp

complex*16 Erhoinc, Ephiinc, Ezinc, nz, nr

double precision ekwave

integer mode,pmlt,offdiagind

calculate/set PML parameters

pml_start = max_k-PML_DEPTH+1
pmlt = PML_DEPTH

Size of matrix is (3emax_k+6)x(3%max_k+6)}

tikdi = 1.0/(2.0*uniti*kwave*delta)
tikdi = (1.0/(2.0%uniti*kwavesdelr))*(delz/delr)

mtik = uniti/2./kvave

if (comp_forw_scat.eq.l) then
mtik = uniti/2./kwave
ekwave = kwave
else if (comp_forw_scat.eq.2) then

mtik = -uniti/2./kwave
ekwave = -kwave
else
print *,’bad paraxial direction’
pause
end if
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c*+++ Note that all fields calculated with the PWE method are scattered
c*#*+ fields. Therefore to satisfy B.C. we use the fact that

ce*ex Etot = Escat + Einc = 0

c***x along the boundary for a PEC, therefore Escat = -Einc.

cex*s (lassify all points on current range step as either a
cos++ Boundary (1) or a free space point (0).
do 10 k=0,max_k+1
point_type(k) = 0
10 continue

ce*** If point_type.ne.0) then it labels the point as some HAT type.
do 20 k=range_index(nrange_step,1),range_index{(nrange_step,2)
it (abs(normsinf(k,1)).1t.900.0) then
point_type(normsloc(k,2)-1) = k
else
print *,’ignoring in corner’, nrange_step,normsloc(k,2)
end if
20 continue

offdiagind = 3I*max_X+6+2

c#s** Initialize matrix
call wtmatrix{nrange_step,0,0,(0.d0,0.d0},offdiagind)

c#*#* The order that wtmatrix is called matters. Each row eguation
c**s* muat be entered in order. In addition, the diagonal element
c*¥** of each row equation be must placed in the sparss matrix
ch#** gtructure before the off diagonal terms for that row.

LET T

ERHO TE

c*%%% Treat lower boundary conditions:
c#*%* gpace equations except use 1st order representation of 2nd
cexss derivative in rho. assume position k=0.6

esgentially same as other free

c temp = (1.d0,0.d0)
[ call wtmatrix{nrangs_step,rowr(0),colr(0),temp,offdiagind)
c Efields(rowr(0)) = (0.d0,0.d0)

c*+*#+ Diagonal term

temp = 1.+tikdis(ONE-ONE/{0.5+ZERD)-(mode*mode+ONE)/

1 {(0.B+ZERD}»*2))

call wtmatrix(nrange_step,rowr(0),colr(0),temp,offdiagind)
c#*#* supersupsrdiagonal portion

temp = tikdi

call wtmatrix(nrange_step,rowr(0},colr(2),temp,offdiagind)
c#»** Syperdiagonal portion

temp = tikdi®(-2¢0NE + ONE/(0.5+ZER0))}

call wtmatrix(nrange_step,rowr(0),colr(1),temp,offdiagind)
ces*++ Super-Super-superdiagonal portion (Ephi term)

temp = -tikdispolarizations2.0*0NEsmode/((0.5+ZERD)**2)

call wtmatrix{(nrange_step,rowr{0),colp(0),temp,oftdiagind}

c*s»* Treat all other Erho fields
do 30 k=1,max_k
if (point_type(k).eq.0) then

c*esxxss Calculate PML parameters ptil, sptil, gptil

if (k.ge.pml_start) then
ptil = k+{alphatbeta*unitireta/kwave)*

1 ((k-pml_start)++3.0)/(3.0*pmlt*pmlt)
aptil = 1.0+mlphas((k-pml_start+0.0)/pmlt)**2. 0+betas
1 (uniti»eta/kwave)*((k-pml_start+0.0}/pmlt)+*2.0
qptil = -((2.0%(k-pml_start+0.0)/(pmlt*pmlts1.0))»(alpha+
1 beta*uniti*eta/kwave))/{sptilesptil)
else

ptil = k+0.0
sptil = (1.0,0.0)
qptil = 0.0

end if

cr#ssxsx Use free space equations
cxdrsasssbs Diagonal term

temp = 1.+tikdi*(-2.0/(sptil*sptil)-(1.0/sptil)*

1 ({1.0/ptil)+qptil) - (mode*mode+1.0)/(ptilsptil))

call wtmatrix(nrange_step,rowr(k),colxr(k),temp,offdiagind)
cxekkkssrk Subdiagonal portion

temp = tikdi*1.0/(aptile»2.0)

call wtmatrix(nrange_step,rowr(k),colr(k-1),temp,offdiagind)
cxkkexssres Superdiagonal portion

temp = (tikdi/aptil)e(1.0/sptil+(1.0/ptil+qptil))

call wtmatrix(nrange_step,rowr(k),colr(k+1),temp,offdiagind)
cksssksssss Super-superdiagonal portion (Ephi term)

temp = -tikdi*polarization*2.0*mode/{ptil*ptil)

call wtmatrix(nrange_step,rowr(k),colp(k),temp,offdiagind)
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else
cesexasx {se boundary point condition equations.

cessssssss* Enforce n x (Bi+psi) = 0, ie. tangential component is zero

cexxrrensrx Ez and Erho components
nz = -(1.40,0.d0)*cos{normsinf (point_type(k},1))
nr = (1.d40,0.d40)*sin(normsinf (point_type(k),1))
if (abs(nz).1lt.1.e-6)} nz = (0.40,0.40)
if (abs(nr).lt.1.e-6) nr = (0.40,0.40)

if (abs(nz).lt.1.e-6) then
print *,’n=’,nrange_step, ’ k=',k,’ debug=’,colr(k),
1 ' nz = ’,nz,’ nr= ?!,nr
cesusxssxsxsss Place equations so that diagonal term is not zero.

cesrsassssssss Enforce divergence free condition
temp = -1.0/delr
call wtmatrix(nrange_step,rowdiv2(k},colr(k),temp,

1 offdiagind)

temp = unitivekwave-(mtik/(delredelr))}»(1./(x+0.0)-1.0
1 +(mode*mode*1.0)/(x*k*1.0))

call wtmatrix(nrange_step,rowdiv2(k),colz(k),temp,
1 offdiagind)

temp = ((k+1.0)/(k+0.0))/delr
call wtmatrix(nrange_step,rowdiv2(k),colr(k+1),temp,
1 offdiagind)

temp = polarization*mode*0ONE/{k*delr}
call wtmatrix(nrange_step,rowdiv2(k),colp(k),temp,
1 offdiagind}

temp = (mtik/{delrsdelr})s{ (1./(k+0.0))-2.0 )
call wtmatrix(nrange_step,rowdiv2(k),colz(k+1},temp,
1 offdiagind)

temp = (mtik/{(delrsdelr))
call wtmatrix{nrange_step,rowdiv2(k),colz(k+2),temp,

1 offdiagind)
Bfields(rowdiv2(k)) = (0.d0,0.d40)
else
c print *,’n=’,nrange_step, ’ k=’,k,’ debug=’,colr(k)
c 1 f nz = ’,nz,’ nr= ’,nr
call wtmatrix(nrange_step,rowbcrz(k),colr(k),-nz,
1 offdiagind)
call wtmatrix(nrange_step,rowbcrz(k),colz(k),nr,
1 offdiagind)
Efields(rowbcrz(k)) = nz*Erhoinc(nrange_step,k,mods)
1 nr*Ezinc(nrange_step,k,mode)
end if
end if

30 continue
cx*** Treat upper boundary condition

temp = (1.d0,0.d0)
call wtmatrix(nrange_step,rowr(max_k+1),colr{max_k+1),temp,

»

1 offdiagind)
Efields(rowr(max_k+1)) = (0.d0,0.d0)
PHI TERM b
c*es* Treat on-axis
c temp = (1.40,0.40)
c call wtmatrix(nrange_step,rowp(0),colp(0),temp,offdiagind)
c Efields(rowp(0)) = (0.d0,0.40)

cesss Diagonal term

temp = 1.+tikdis(ONE-ONE/(0.5+ZERD)-(mode*mode+INE)/

1 ((0.5+ZERD) **2)}

call wtmatrix(nrange_step,rowp{0),colp(0),temp,offdiagind)
cssss gnpersupsrdiagonal porticn

temp = tikdi

call wtmatrix(nrange_step,rowp(0),colp(2),temp,offdiagind)
c#*¢» Superdiagonal portion

temp = tikdi#(-2+«0NE + ONE/(0.5+ZERD))

call wtmatrix(nrange_step,rowp(0),colp(1),temp,offdiagind)
c#+4s+ Super-Super-superdiagonal portion (Erho term)

temp = tikdi*polarizations2.0*ONEsmode/{(0.6+ZER0D)**2)

call wtmatrix{(nrange_step,rowp(0),colr(0),tsmp,offdiagind)

cs*¥» Treat all other Erho fields
do 40 k=1,max_k
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if (point_type(k).eq.0) then
cekxxuss Calculate PML parameters ptil, sptil, gptil

if (k.ge.pml_start) then
ptil = k+{(alpha+beta*unitireta/kwave)*

1 {{k-pml_start)**3.0)/(3.0*pmlt*pmlt)
sptil = 1.0+alphas((k-pml_start+0.0)/pmlt)+*2.0+betas
1 (uniti*eta/kwave)*{{k-pml_start+0.0)/pmlt}*+2.0
qptil = -((2.0%(k-pml_start+0.0)/(pmlt*pmlt+1.0})»(alpha+
1 beta*unitiseta/kwave))/(sptil*sptil)
else

ptil = k+0.0
sptil = (1.0,0.0)
qptil = 0.0

end if

ckk4sds zse free space squations
cxsexexsxsx Diagonal term
temp = 1.+tikdis(-2.0/(sptilssptil)-(1.0/sptil)=*
1 ({(1.0/ptil)+qptil)-{mode*mode+1.0)/(ptil*ptil))
call wtmatrix(nrange_step,rowp(k),colp(k),temp,offdiagind)
crerxnrssass Subdiagonal portion
temp = tikdi*1.0/(sptil**2.0)
call wtmatrix{(nrange_step,rowp(k),colp(k-1),temp,offdiagind)
cr*¥wxrserss Superdiagonal portion
temp = (tikdi/sptil)»(1.0/sptil+(1.0/ptil+qptil))
call wtmatrix(nrange_step,rowp(k),colp(k+1),temp,offdiagind)
cassxssssuns Sub-subdiagonal portion (Brho term)
temp = tikdi¥polarization*#2.0*mode/{ptile*ptil)
call wtmatrix(nrange_step,rowp(k),colr(k),temp,offdiagind)
else
crsrexssxr® Use boundary point condition equations.
cH**+ssssss Enforce n x (Ei+psi) = 0, ie. tangential component iz zero

temp = (1.40,0.d0)
call wtmatrix(nrange_step,rowbcp(k),colp(k),temp,offdiagind)
Efields(rowbcp(k)) = -Ephiinc(nrange_step,k,mods)}

end if
40 continue

c*+** Treat upper boundary condition

temp = (1.d40,0.d0)

call wtmatrix(nrange_step,rowp(max_k+1),colp(max_k+1),temp,
1 offdiagind)

Efields(rowp(max_k+1}) = {(0.40,0.d0)
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c*+*x Treat on-axis

c temp = (1.d0,0.4d0)

c call wtmatrix(nrange_step,rowz(0),colz(0),temp,offdiagind)

c Bfields(rowz{(0)} = (0.40,0.d0)

c*¥** Diagonal term

temp = 1.+tikdis(ONE-ONE/(Q.5+ZERQ)~(mode*mode+ZER0}/

1 ((0.5+ZER0)**2))

call wtmatrix(nrange_step,rowz(0),colz(0),temp,cffdiagind)
c*¢sx gupersuperdiagonal portion

temp = tikdi

call wtmatrix(nrange_step,rowz(0),colz(2),temp,offdiagind)
c#+#+ Superdiagonal portion

temp = tikdis(-2#0NE + ONE/(0.5+ZERO))

cell wimatrix(nrange_step,rowz(0),colz(1),temp,offdiagind)

c*#»% Treat all other Erho fislds
do 50 k=1,max_k
it (point_type(k).eq.0) then

cessssss Calculate PML parameters ptil, sptil, qptil

if (k.ge.pml_start) then
ptil = k+(alphatbetaruniti*eta/kwave)*

1 ((x-pml_start)*+3.0)/(3.0+pmlt*pmlt)
sptil = 1.0+alphas*((k-pml_start+0.0)/pmlt)e*2.0+betas
1 (unitiseta/kwave)*((k-pml_start+0.0)/pmlt)*s2.0
qptil = -((2.0*(k-pml_start+0.0)/(pmlt*pmlt=*1.0))*(alpha+
1 betar*uniti*eta/kwave))/(sptil*sptil)
else

ptil = x+0.0
sptil = (1.0,0.0)
qptil = 0.0

end if

cesssass [ge free space equations
cerxersrsrs Diagonal term
temp = 1.+tikdi®(-2.0/(sptilesptil)-(1.0/aptil)=

1 ((1.0/ptil)+qptil)-(mode*mode+ZER0D) /(ptil*ptil))

call wtmatrix(nrange_step,rowz(k),colz(k),temp,offdiagind)
casssksskss Subdiagonal portion

temp = tikdi*1.0/(sptil»*2.0}

call wtmatrix(nrange_step,rowz(k),colz(k-1),temp,offdiagind)
c*xxssrsxsr Superdiagonal portion

temp = (tikdi/sptil)*(1.0/sptil+(1.0/ptil+qptil))

call wtmatrix(nrange_step,rowz(k),colz(k+1),temp,offdiagind)

else
cesssessssx Use boundary point condition equations.
coxasxessas Enforce n x (Ei+psi) = 0, ie. tangential component is zaro

cr¥rrexsxxr Ez and Erho components
nz = -(1.d0,0.d0)*cos(normsinf (point_type(k),1})
nr = (1.d0,0.d0)*sin{normsinf (point_type(k),1))
if (abs(nz).1t.1.e-6) nz = {0.d0,0.d0)
if (abs(nr).lt.1.e-6) nr = (0.40,0.40)

if (abs(nz).1t.1.e-6) then
crrwasxnswsnss Place equations so that diagonal term is not zero.

c print #*,’n=’,nrange_step, ’ k=’,k,’ debug=',colr(k),
c 1 ' nz = ’,nz,’ nrs !',nr
call wtmatrix{nrange_step,rowbcrz2(k},colz(k}),nr,
1 offdiagind)
call wtmatrix{nrange_step,rowbcrz2(k),colr(k),-nz,
1 offdiagind)
Efields{rowbcrz2(k)) = nz+*Erhoinc(nrange_step,k,mode}-
b nrsEzinc(nrange_step,k,mode)
else

chkkrsskrsssss Enforce divergence free condition
temp = uniti*ekwave-{mtik/(delrsdelr))={1./(x+0.0)-1.0

1 +(mode*mode*1.0)/ (x*k*1.0))
call witmatrix(nrange_step,rowdiv(k),colz(k),temp,
1 offdiagind)

temp = -1.0/delr
call wtmatrix(nrange_step,rowdiv(k),colr(k),temp,
1 offdiagind)

temp = ((k+1.0)/(x+0.0))/delr
call wtmatrix(nrange_step,rowdiv(k),colr(k+1),temp,
1 offdiagind)

temp = mode#polarizationsONE/(k*delr)
call wtmatrix(nrange_step,rowdiv(k),celp(k),temp,
1 offdiagind)

temp = (mtik/(delrsdelr))*{ (1./(x+0.0})-2.0 }
call wtmatrix(nrange_step,rowdiv(k),colz(k+1),temp,
1 offdiagind)

temp = {(mtik/(delrsdelr})
call wtmatrix(nrange_step,rowdiv(k),colz(k+2),temp,
1 offdiagind)
Efields(rowdiv(k)) = (0.40,0.d40)
end if

end if
B0  continue
cs*»s Treat upper boundary condition

temp = (1.d40,0.40)

call wtmatrix(nrange_step,rowz(max_k+1),colz(max_k+1),temp,
1 offdiagind)

Efields{(rowz(max_k+1)) = (0.40,0.40)

cex#s finish up sparse matrix structure
temp = (0.d0,0.d0)
call wimatrix(nrange step,1i,0,temp,offdiagind)

if (offdiagind-1.gt.NNZ) then

print »,’offdiagind = ’,offdiagind

print »,’NNZ = ’, NNZ

pause ’error, NNZ less than number of nonzsros’
end if

RETURN
END

¢ Matrix Row and Column function:

LEL L2 2
INTEGER FUNCTION rowr(k)
implicit none

integer max_k, obj_k
common /matfen/ max_k, obj_k
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integer k

rowr = 3*k+1
rowr = k+t

RETURN
END

INTEGER FUNCTION rowp(k)
implicit none

integer max k, obj_k

common /matfcn/ max_k, obj_k

integer k

rowp = 3xk+2
rowp = k+l+max _k+2

RETURN
END

INTEGER FUNCTION rowz(k)
implicit none

integer max_k, obj_k

common /matfcn/ max_k, obj_k

integer k

rowz = 3%k+3
rowz = k+i+2*max_k+4

RETURN
END

INTEGER FUNCTION colr(k)
implicit none

integer max_k, obj_ k

common /matfcn/ max_k, obj_k

integer k

colr = 3%k+i
colr = k+1

RETURN
END

INTEGER FUNCTION colp(k)
implicit none

integer max_k, obj.k

common /matfcn/ max_k, obj_k

integer k

colp = 3#k+2
colp = k+l+max k+2

RETURN
END

INTEGER FUNCTION colz(k)
implicit none

integer max_k, obj_k

common /matfcn/ max_k, obj_k

integer k

colz = 3%k+3
colz = k+1+2+max_k+4

RETURN
END

INTEGER FUNCTION rowbep(k)
implicit none

integer max _k, obj_k

common /matfcn/ max_k, obj_Xk

integer k

rowbcp = 3#k+2
rowbcp = k+l+max_k+2

RETURN
END
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INTEGER FUNCTION rowberz(k)
implicit none

integer max_k, obj_k

common /matfcn/ max_k, obj_k

integer k

< rowbcrz = 3#k+1
rowbcrz = k+l

RETURN
END

INTEGER FUNCTION rowdiv(k)
implicit nona

integer max k, obj_k

common /matfcn/ max_k, obj_k

integer k

c rowdiv = 3%k+3
rowdiv = k+1+2%max_k+4

RETURN
END

INTEGER PUNCTION rowberz2(k)
implicit none

integer max_k, obj_k, rowdiv
common /matfcn/ max_k, obj_k
integer k

rowberz2 = rowdiv(k)

RETURKE
END

IKTEGER FUNCTION rowdiv2(k)
implicit none

integer max_k, obj_k, rowbcrz
common /matfcn/ max_k, obj_k
integer k

rowdiv2 = rowberz(k)

RETURN
END

c WTMATRIX writes the value temp to a given matrix stxructure that is

< hard-coded in this subroutine. Currently, subroutine write to a
c sparss matrix structure of the type specified the Numerical Recipes,
[ Section

SUBROUTINE wtmatrix(nrange_step,i,j,temp,offdiagind)

implicit none
include ’‘common.f’

integer i,j,offdiagind,m,n,nrange_step

complex*16 temp
c integer cmi

if (i.eq.-1) print »,'dummy statement to aveid inlining’

if (i.eq.0.AND.j.eq.0) then

ceessere Initialize Matrix
do 10 m = 1,NMAX
do 20 n = 1,NMAX

< Awavs(m,n) = (0.0,0.0)

c Buwave(¢cmi{m,n)) = (0.0,0.0)
20 continue

10 continue

else if (i.eq.1.AND.j.eq.0) then
ceexxs*s Complete sparse matrix structure
ija(3*max_k+7) = offdiagind

else if (i.gt.0.AND.j.gt.0) then
if (i.eq.j) then

sa(i) = temp
ija(i) = offdiagind
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else
sa(offdiagind) = temp
ija(offdiagind) = j
offdiagind = offdimgind + 1

end if
< Avave(i,j) = temp
< Bwave(cmi(i,j)) = temp
else
pausa ’bad index into matrix’
end if
RETURN
END

c (L) * > LELLT
¢ INCIDENT Wave functions defined for given incident angle and given

< paraxial direction

PEEREERNEEER

COMPLEX#16 FUNCTION Erhoinc(nrange_stsp,k,mode)

implicit none
include ‘common.f’

integer nrange_step,k,mode

double precision rho, zz, kps, sintole
paramster(sintole=-1d-6)

real besselj

rho = dalrsk
zz = delz*nrange_step
kps = kvave*rho*sin(inc_ang)
3 print *,’'kps=’,kps,k,rho,zin(inc_ang)

it (abs{sin(inc_ang)).lt.sintole.AND.mode.eq.1) then

c Erhoinc = AMP*(Ehg#cos(inc_ang)+Evg*1.0)
if (comp_forw_scat.eq.2) Erhoinc = Erhoincs
1 oxp(2*uniti*kwaverzz)
else
c print *,’didnt make it in’, nrange_step,k,mode

if (mode.aq.0) then
if (polarization.eq.HORZ) then
Erhoinc = Ehg*cos(inc_ang)*sxp(uniti*1.5+%pi)#
1 besselj(real{kps),1)
alse if (polnrizntion.lq.VERT) then
Erhoinc = 0.0
else
print *,’bad polarization’
pause
end if
else
if (polarization.eq.HORZ) then
Erhoinc = cos(inc_ang)*(exp(uniti*(mode+1)»1.5%pi)»
besselj(real(kps),mode+1)+exp(unitis(mode-1)*1.5+pi)
2 *bessel j(real(kps) ,mode-1))
else if (polarization.eq.VERT) then
Erhoinc = exp{uniti*(mode-1)+1.5*pi)*besselj(real(kps),

-

1 mode-1)-sxp{unitis (mode+1)*1.5¢pi)*besselj(
2 real(kps) ,mode+1)
else
print *,’bad polarization’
pause
end if
c print *,’besselj(kps,2) = ’ kps,real(kps),
< 1 besselj(real(kps),2),
c 1 besselj(real(kps),0)
end if
if (comp_forw_scat.eq.2) then
Erhoinc = Erhoincsexp(-unitiskwave*#zz*{cos{inc_ang)-1))
else
Erhoinc = Erhoinceexp(-uniti»kwave*zz+*{(cos{inc_ang)+1))
end if
end if
c print #,’'Erhoinc=’, nrange_step,rho,Erhoinc
RETURN
END

COMPLEX+16 FUNCTION Ephiinc(nrange_step,k,mode)

implicit none
include ’common.f’

inteager nrange_step,k,mode

double precision rhe, zz, kps, sintole
parameter (sintole=-1d-6)

real besselj

rho = delr*k
zzZ = delz*nrange_step
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kps = kwavesrho*sin(inc_ang)

it (abs{zin(inc_ang)).lt.sintole.AND.mode.sq.1) then
Ephiinc = AMP#*{-Ehg*cos({inc_ang)+Evg+1.0)
if (comp_forw_scat.eq.2) Ephiine = Ephiincs
exp(2*uniti*kvaverzz)

slse
print *,’didnt make it in’, nrange_step,k,mode
if (mode.eq.0} then
if (polarization.eq.HORZ) then
Ephiinc = ZERQ
else if (polarization.eq.VERT) then
Ephiinc = exp{uniti»l.5%pi)*besselj(real(kpsz),1)
else
print *,’bad polarization’
pause
end if
else
if (polarization.eq.HORZ) then
Ephiinc = -cos(inc_ang)*{exp{uniti*{(mode-1)*1. 5#pi}*
besselj(real(kps),mode-1)-exp{uniti*(mode+1)*1.5+pi)
*besselj(real (kps),mode+1))
else if (polarization.eq.VERT) then
Ephiinc = exp(uniti*(mode+1)+*1.5%pi)*besselj(real{kps),
mode+1)+exp{unitis(mode-1)»1.5%pi)*besselj(

roal(kps),mode-1)
else
print *,’'bad polarization’
pause
end if
end if
if (comp_forw_scat.eq.2) then
Ephiinc = Bphiinc*exp{-unitiskwaverzz*(cos(inc_ang)-1))
alas
Ephiinc = Ephiinc#*exp(-unitiskwavewzz*{cos(inc_ang)+1))
end if
end if

print *,’Ephiinc=’, nrange_step,rho,Ephiinc

RETURN
END

COMPLEI*16 PUNCTION Ezinc{nrange_step,k,mode)

implicit none
include ’‘common.f’

integer nrange_step,k,mode

double precision rho, zz, sintcle, kps
parameter(sintole=-1.d-6)

real besselj

rho = delx*k
zz = delz*nrange_step
kps = kwave*rho*sin(inc_ang)

if (abs(sin(inc_ang)).lt.sintole.AND.mode.eq.1) then
Ezinc = ZERD
else
print »,'didnt make it in’, nrange_step,k,mode
if (mode.eq.0) then
if (polarization.eq.HORZ) then

Ezinc = -sin(inc_ang)*besselj(real(kps),0)
else if (polarization.eq.VERT) then

Ezinc = ZERO
slss

print *,’bad polarization’

pause
end if

else
if (polarization.eq.HORZ) then
Bzinc = -2#0NE*sin(inc_ang)*exp(uniti*mode»1.5%pi)=*
besselj(real(kps) ,mode)
slse if (pelarization.eq.VERT) then

Ezinc = ZERD
else
print *,’bad polarization’
pause
end if
end if

if (comp_forw_scat.eq.2) then
Ezinc = Ezinc*exp(-uniti*kwave+zz*(cos{inc_ang}-1)}
else
Ezinc = Ezinc*exp(-unitiskvaveszz#*(cos(inc_ang)+1))
end if
ond if
print *,’Ezinc=', mode,nrange_step,rho,Ezinc

RETURN
END
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c CMI:

returns single index for represent 2 indices in 2 dim structure
EEREREH R ARAE BN RRARRERR R RN RS ERERE R R RN RER S

INTEGER FUNCTION cmi(i,j)

implicit none
include ‘common.f’

integer i,j
cmi = (i-1)#(3+max_k+6)+j

RETURN
END

¢ SOLVE_TRI_LIN_SYS takes tridiagonal linear system stored in special

c matrix data structure A, and gives b’ = inv(A)sb. Note that the
c solution vector is stored in the same array as the RHS vector b.
-k EEREEENEERERESANREEY

1

RS
cren

cene
crre

chex

10

cruRe

20

SUBROUTINE solve_tri_lin_sys(Adiag, Asup, Asub, b, N)

implicit none
include ’'common.f’

double complex Adiag(1:MAX_R_CELLS), Asup(1:(MAX_R_CELLS-1}),
Asub(2:MAX_R_CELLS), b(1:MAX_R_CELLS), pivot
integer N, i

Note the definition of the subdiagonal defined with indices from
2...N

Routine below wWorks by using a simple Gaussian elmination
technique for the specific caze of a tridiagonal system.

Porward Elmination.

do 10 i =2, N
pivot = -Asub(i)/Adiag(i-1)
Adiag(i) = Adiag(i) + pivotsAsup(i-1)
b(i) = b(i) + pivot*b(i-1)

continue

Backward Substitution
b(N) = b(N)/Adiag(N)
do 20 i = ¥N-1,1,-1
b(i) = (b{i)-Asup(i)*b(i+1))/Adiag(i)
continue
RETURN
END

¢ STORE_RCS_COMP saves the efield components on the Huygens' surface as

[ well as thoss efields needed to calculate the hfield components on
c the Huygens’ surface.
Ll L]
SUBRDUTINE store_rcs_comy(nrange_step, mode)
implicit none
include ’common.t’
integer nrange_step, mode, i, k, phishifs, zahift
integer colr,colp,colz
phishift=max_k+2
zshift=2smax_k+4
c#s¢+ the RCS points compromise a rectangle box
if (nrange_step.eq.x1) then
do 10 i=y1,y2
k=i
reserho{mode k) = Efields{colr(i-1))
rcsephi(mode k) = Efields{colp(i-1))
rcsez(mode k) = Efields(colz(i-1))
10 continus
slss if (nrangs_step.eq.x2) then
k=y2-y1l+x2-x1
do 20 i=y2,y1,-1
k=k+1
rcserho(moda,k) = Efields{colr{i-1)})
rcsephi(mode,k) = Efields{colp(i-1))
rcsez (mode k) = Efields(colz(i-1))
20 continue

else if (nrange_step.gt.xl.AND.nrange_ step.lt.x2) then
k=y2-yl+nrange_steap-xi+1
reserho(mode k) = Efislds(colr(y2-1))
rcsephi(mode,k} = Efields(colp(y2-1))
rcsez(mods k) = Efislds(colz(y2-1))
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cHERn

30

40

50

60

churs

end if
now deal with the points to the left and right that enable H calc.

if (nrange_step.eq.(x1-1)}) then
k=0
do 30 i=y1,y2
k=k+1
resEphi_rl{k) =
resErho_rl(k) =
continue
else if (nrange_step.eq.{(x1+1)) then
k=y2
do 40 i=y1,y2
k=k+1
rcsEphi_rl(k) = Efields(colp(i-1))
rcsBrho_rl(k) = Efields(colr(i-1))
continue
else if (nrange_step.eq.{x2-1)) then
k=2*y2
do 50 i=y1,y2
k=k+1
rosEphi_rl(k) = Efields(colp(i-1))
rcsErho_rl(k) = Efields(colr(i-1))
continne
else if (nrange_step.eq.(x2+1)) then
k=3%y2
do 60 i=y1,y2
k=k+1
rcsEphi_rl(kx) =
rcsBrho_r1(k) =
continue
end if

Efields{colp(i-1})
Efields{colr(i-1))

Efields(colp(i-1))
Efields{colr{i-1))

now deal with the points on the top and bottom that enable H cmlc.

if {nrange_step.ge.x1.AND.nrange_step.le.x2) then
k = 2¢(nrange_step-xi+1)-1
rcsEphi_ab(k) = Efields(colp(y2+1-1))
rcsEz_ab(k) = Efields(colz(y2+1-1))
rcsEphi_ab(k+1) = Efields(colp(y2-1-1))
rcsBz_ab(k+1) = Efields{colz(y2-1-1})

end if

RETURN
END
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c CALC_H_RCS_COMP calculates the H fields based on E fields calculated
G using the parabolic wave squation.

chekt
chenn
crees

cheEw
creEe

cHaks
canEe
crRER

SUBROUTINE calc_h_rcs_comp(mode)

implicit none
include ’common.f’

integer i, k

real forwback
integer mode

write(6,») ’Calculating H fields from E fields...’

Use differential form of Maxwell’s modal equations to calculate H

Note, H fields calculated here are actually eta H. Also, note that
kvavereta = omega mu (OR abb. as kn=wu).

In the following calculations, the index ’i’ always refers to the
physical locations (i.e. i=0, implies on axis).

Forward and backvard waves have exp(+ikz} and exp(-ikz) terms, so
equations below change in sign for certain terms (whers d/dz were

computed)

if (comp_forw_scat.eq.1l) then

forwback = 1.0
else

forwback = ~1.0
end if

coeer
cHEEE

corees

crkek

calculate all the Hrho fields

-iwu Hrho(k) = (d/dz)ephi(k) + polarization®(m/rho)ez(k)
by symmetry
rcsHrho(mods, 1) = (0.0,0.0)

resHrho(mode, 2#y2+x2-x1-1) = (0.0,0.0)

left hand side
x=1
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do 10 i = 1,y2-1

k=i+]

rcsHrho(mode k) = ((0.5/delz)*(rcsEphi_rl{i+y2+1)-
1 resBphi_rl{i+1))+polarization*mode*ONE/({i-0.0)*delr)=
2 resEz(mode, k) +forwback*uniti*kwave*rcsEphi(mode k) )*
3 (uniti/kwave)

10 continue

caxss right hand side
k=y2-yl+x2-x1
do 20 i = y2-1,y1,-1

k=k+1

resHrho(mode k) = ((0.5/delz)*(rcsEphi_r1(i+3»y2+1)-
1 rcsEphi_rl{i+2*y2+1))+polarization*mode»ONE
2 /({i-0.0)*delr)*rcsEz(mode,k)+forvback*uniti*kvaves
3 rcsEphi(mode,k))*(uniti/kwave)

20 continue

cose» middle points

k=y2
do 30 i=x1+1,x2-1
k=kt1
rcsHrho{mode,k) = ((0.5/delz)»(rcsEphi(mode,k+1)-
1 rcsEphi(mode,k-1)) +polarization*mode*ONE/{(y2-1.0)*delr)*
2 rcsEz(mods k) +forwback*uniti*kwave*rcsEphi(mode,k)}*
3 {uniti/kwave)

30 continue

D e P P P Y
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c****x calculate all the Hphi fields
cxs#s -iwu hphi(k) = (d/drho)ez{k)

- {d/dz)erho(k)

c**** by symmetry
rcsBphi{meds,1) = (0.0,0.0)
rcsHphi(mode,2#y2+x2-x1-1} = (0.0,0.0)

ce*** Left hand side points
k=1
do 40 i=1,y2-2
k=Xx+1
chsserxss Note: now, k=i+l
rcsHphi(mode,k) = ((0.5/delr)*(rcsEz{(mode,k+1}-

1 rcsBz(mode ,k-1))~(0.5/delz)»*(rcsErho_rl1(i+y2+1)-
2 resBrho_r1(i+1)) -forwback*uniti*kwave*rcsErho{mode,k))*
3 {uniti/kvave)

40 continue

ce*x* Top left corner

k=k+1

rcsBphi(mode,k) = ((0.5/delr)+*{rcsEz_ab(1)-rcsEz_ab(2))-

1 (0.5/delz)*(rcsErho_rl(2+*y2)-rcsErho_r1(y2))-forvwback*uniti*
2 kwavesrcsErho{(mode, k) )#* (uniti/kwave)

c**s+ Top Right corner
k=y2+x2-x1
rcsBphi(mode,k) = ((0.5/delr)*(rcsEz_ab{2#(x2-x1)+1)-
1 rcsEz (mode,k+1))-(0.5/delz) * (rcsErho_r1(4ry2)-
2 rcsErho_r1(3+y2))-forwback*uniti*kwave*rcsErho{(mode k))*
3 (uniti/kwave)

c*+*+ Right hand side points

k=y2+x2-x1
do 50 i=y2-2,1,-1
k=k+1
rcsHphi(mode, k) = ((0.5/delxr)*(rcsEz{mode, k-1}-
1 rcsEz(mods ,k+1))~(0.5/delz) * (rcsBrho_r1(i+3#y2+1)~
2 rcgErho_rl(i+2sy2+1))-forwvbacksunitiskuvaver
3 rcsErho(mods, k) ) *(uniti/kvave)

50 continue

ces»+ Top middle points.

k=y2
do 60 i=x1+1,x2-1
k=k+1

rcsHphi(mode k) = ((0.5/delr)*(rcsEz_ab{2*(i-x1)+1)-
rcsEz_ab(2+(i-x1)+2))-(0.5/delz)*(rcsErho(mode k+1)~
2 rcsErho(mode,k-1) ) -forwback#uniti*kwave*rcsErho(mode ,k))*
3 (uniti/kwave)
60  continus

CETTITT TP
P R P P P T
ce+++ calculate all Hz points

ceess -iwu hz(k) = (-1/rho){d/drho){(rho ephi(k)) - pol (m/rho) erho(k)

EEEREERAR RN AN R TERENR
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c***x by symmetry
rcsHz(mode,1) = (0.0,0.0)
rcsHz (mode ,2#y2+x2-x1-1) = (0.0,0.0)

ce*x+ laft hand side

k=1
do 70 i = 1,y2-2
k=k+1
resHz(mode,k) = ((-0.5/((i-0.)*delr))s((i+1.)#*
1 rcsEphi(mode,k+1)~(i-1.)%rcaBphi(mode,k-1))-polarization#*
2 (ONE*mode/(delr*(i-0.)))*rcsBrho(mode, k) )*(uniti/kvave)

70 continue

ce**+ Top left cormer
k=y2
rcsHz(mode,k) = ((~0.5/((y2-1.)*delr))*((y2+0 )*rcsEphi_ab(1)-
1 (y2-2.)*rcsBphi_ab{2))-polarization*{0NE*mode/ (delr#
2 (y2-1.)))srcsErho(mode k) )} *(uniti/kwave)

c#+%* Top Right corner
k=y2+x2-x1
resHz{mode k) = ({-0.5/((y2-1.)*delr))»((y2+0.)=*
1 rcsEphi_ab(2%(x2-x1)+1)- (y2~2.)*rcsEphi (mods,k+1)) -
2 polarization® (ONEsmode/(delr*(y2-1.)))*rcsErho(mode,k))*
3 (uniti/kwave)

ce&*x4 Tight hand side
k=y2+(x2-x1)
do 80 i = y2-2,1,-1

k=k+1

rcsHz(mode,k) = ((~0.5/((i-0.)*delr))«{({i+1.)*rcsEphi(mode,k-1)
1 -(i-1.)*rcsEphi(mode,k+1))-polarization* (ONE*mode/ (delr*
2 (i-0.)))*rcsBrho(mode k) ) *(uniti/kwave)

80 continue

ce*** Top middle points

k=y2
do 90 i=xi+1,x2-1

k=k+1

rcsHz(mode,k) = ((-0.5/((y2-1.)+delr))*((y2+0.)#*
1 rcsEphi_ab(2#(i-x1)+1)-(y2-2.)srcsBphi_ab (2% (i-x1)+2))-
2 polarization*{0NE+mode/(delr*{y2-1.)))*rcsErho(mode k))»
3 {uniti/kwave)

90 continue

RETURN
END

c READ_IN_RCS_SURFACE_DATA reads in the field values over a Huygens’
< surface that was previously calculated that can be used to
< calculate bistatic RCS values

SUBROUTINE read_in_rcs_surface_data

implicit none
include ’common.f’

integer k, mode
double precision tempr, tempi

mode = 1
c##*w Write out RCS surface data
open{unit=10,file=’erfreq.dat’,status=’unknown’,form='formattad?’)
open(unit=11,file='hrfreq.dat’,status=’unknown’,form=’formatted’)
do 60 k=1,2#(y2-y1)+(x2-x1)+1
read(10,*) tempr, tempi

rcserho(mode,k) = tempr+unitistempi
read(11,*) tempr, tempi
reshrho(mode k) = tempr+unitistempi

60 continue
close (unit=10)
close(unit=11)

open{unit=10,file=’epfreq.dat’,status=’unknown’,form='formatted’)
open(nnit=11,tile=’hptreq‘dat',stacus='unknown',form='rormatcsd')
do 70 k=1,2+(y2-y1)+(x2-x1)+1
read(10,*) tempr, tempi
rcsephi (mode k) = tempr+unitistempi
read(11,*) tempr, tempi
rcshphi(mode k) = tempr+uniti*tempi
70  continue
close (unit=10)
close(unit=11}

open(unit-lo,file-’eztraq.dut',atut“s=’unknown’.torm=’formatted')
open{unit=11,file=’hzfreq.dat’,status=’unknown’,form='formatted’)
do 80 k=1,2#(y2-y1)+(x2-x1)+1
read(10,*) tempr, tempi
rcsez(mode,k) = temprtunitistempi
read(11,*) tempr, tempi
rcshz (wode, k) = tempr+unitistempi
80  continue
close(unit=10)
close(unit=11)

256
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else
RETURN phase = exp(-uniti*kwave*xi*delz)
END end if
do 11 mode = smode,emods
CHEBNRSEEERARANARER RSB EERNREREARERRR NI AR ERRERRERRIE NSRS IR AR KRR AE SRS do 10 k=1,y2

c WRITE_OUT_RCS_SURFACE_DATA writes out the field values over the
c Huygens’ surface that can be later used to calculate bistatic
c RCS values.

rcsErho{mode k) = phaserrcsErho(mode,k)
rcsEphi{mode,k) = phase*rcsEphi(mode,k}
rcsEz(mode k) = phase*rcsEz(mode,k)
resHrho(mode,k) = phasesrcsBrho(mode,k)
rcsHphi{mode,k) = phase*rcsHphi(mode, k)
resHz(mode, k) = phase*rcsHz(mode,k)

10 continue

implicit none 11 continue

include ’common.f’
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SUBROUTINE write_out_rcs_surface_data

c***» Left hand side
if (comp_forw_scat.eq.l) then
phase = exp(unitiskwavesx2sdslz)
else
phase = exp(-unitiskwave*x2+delz)
end if

integer k, mode
write(6,*) 'Writing out rcs surface data...’

ca*s* Write out RCS surface data

open{unit=10,file=’ erfreq.dat’,status='unknown’,form=’'formatted’ )
open{unit=11,file='hrfreq.dat’,status='unknown’,form=’formatted’)
do 55 mode = smode, emode
do 60 k=1,2#{y2-y1)}+(x2-x1)+1
write(10,99) real(rcserho(mode,k)), imag(rcserho(mode,k))
write(11,99) real(rcshrho(mode,k)}, imag(rcshrho(mode,k))

do 21 mode = smode,emods
do 20 k=y24x2-x1,2#y2+x2-x1-1

rcsErho(mode,k) = phase*rcsErho(mode,k)
rcsEphi(mede,k) = phase+rcsEphi(mode,k)
rcsEz(mode,k) = phasesrcsEz(mode,k)

rosHrho(mode,X) = phase*rcsHrho(mode, k)

60  continue rceliphi (mode,k) = phasesrcsHphi(mods,k)
55 continue rcsHz(mode,k) = phasesrcsHz(mode,k)
close (unit=10) 20 continue
cloge (unit=11) 21  continue

open(unit=10,file='epfraq.dat’,status='unknown’,form='formatted?’)
open(unit=11,file=’ hpfreq.dat’,status=’unknown’ ,form='formatted’)
do 65 mods = smode, smods
do 70 k=1,2¢(y2-y1)+{x2-x1)+1

write(10,99) real(rcsephi(mods,k}), imag{rcsephi(mode,k)})

c*##*» Middle points
do 31 mode= smode,emods
do 30 k=y2+1,y2+x2-x1-1
if (comp_forw_scat.eq.1) then
phase = exp(unitiskwaves(k-y2+xl1)+delz)

write(11,89) real(rcshphi(mods,k)), imag(rcshphi(mode,k)) olse
70  continus phase = exp(-unitiskwaves(k-y2+x1)*delz)
65 continue end if

close{unit=10) rcsBrho(mode,k) = phase*rcsErho(mode, k)

close (unit=11)

open{unit=10,file='ezfreq.dat’,status="unknown’,form='formatted’)
open{unit=11,file=’hzfreq.dat’,status=’unknown’,form='formatted’)

rcsEphi(mode,k) = phase*rcsEphi(mods, k)
rcsEz{mode,X) = phasesrcsEz(mode, k)

rcsHrho(mode,k) = phase*rcsHrho(mode, k)
rosHphi(mode,k) = phase*rcsHphi(mode, k)

do 76 mode = smode, emode
do 80 k=1,2#(y2-y1)+(x2-x1)+1 30
write(10,99) real(rcsez(mods.,k)), imag(rcsez{(mode,k}) 31
write(11,99) real(rcshz(mode,k)), imag(rcshz(mode,k))
80  continue
75 continue
close{unit=10)
close(unit=11)

rcsHz (mode k) = phasesrcsHz(mode,k)
continue
continue

cksex Integrate over Huygens' surfacs

do 40 phi = low_phi,high_phi,dphi
sinp = sin(pi*(phi/180.))
cosp = cos{pi*(phi/180.))
99  format(2X,E21.13,5%,B21.13) '
do 50 theta = low_theta,high_theta,dtheta

RETURN sint = sin(pi®(theta/180.))
END cost = cos(pi*(theta/180.))
Escat_theta_4 = 0.0
¢ CALC_RCS calculates the RCS based on the near field data computed Escat_phi_4 = 0.0
c by the PWE method. Escat_theta B = 0.0
Escat_phi_ B = 0.0
Escat_theta C = 0.0
SUBROUTINE calc_xcs Escat_phi ¢ = 0.0

implicit none
include ’common.f’

do 55 mode=szmode,emods
sinmp = sin(mode*pi*(phi/180.))
cosmp = cos(mode*pi*{phi/180.))
integer k, PDIV
double complex phase
double precision kps_tole

Cexesnesrses Three different integrals to evaluate
c3 = 2+pi*exp(uniti*mode*1 .5+pi)
c4 = 2spisexp(uniti*(mode+1)*1, 6+pi)

complex*16 uBrho,uBphi,uEz,ulrho,ulliphi,ullz

complex*16 vErho,vEphi,vEz,vHrho,vBphi,vHz

complex*16 Escat_theta_ A, Escat_phi_A, Escat_theta B,

1 Escat_phi_B, Eascat_theta_C, Escat_phi_C

complex*16 Ii, I3, I5, ¢l, c2, c3, c©4, c5, RCSc, it, Ap, 4

CrsernxsexsrxrssssIntegral A; zl --> z2 -center integral at r0
tho = (y2-1.0)*delr
kps = kvave * rho * sint

if (abs(kps).lt.kps_tole)} then

real cz, rho, besselj, phase_z, kps if (mode.eq.1) then

double precision RCS, sint, cost, sinp, cosp, theta, phi, 11=0.0
1 sinmp, cosmp I3=pi
integer mode I6=pi
elze
parametsr (PDIV=20,kps_tole=1.0e-9) 11=0.0
13=0.0
write(6,s) ’Calculating RCS...' 15=0.0
end if
ce#*ss Add in phase components. if (mode.eq.0) then
I1=2%pj
ce##*% Right hand side end it

else
¢2 = 2,0*pi*unitismode/kps

if (comp_forw_scat.eq.l) then
phase = exp(unitiskwave*xledelz)

257
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c5 = c2%exp(unitis*modes1.5%pi)

11 = c¢3+*besselj(kps,int{mode))
13 = c4*besselj(kps,int(mode)+1)+c5+besselj(kps,
int (mode))
I5 = c5+*besselj(kps,int(mode))
end if

do 60 k = y2, y2+x2-xi
if (polarization.eq.HORZ) then
uEphi = rcsEphi(mode,k)*sinmp
vEphi = rcsEphi(mode,k)»cosmp
uBrho = resBrho(mode,k)*cosmp

vErko = -rcsErho(mode,k)*sinmp
uEz = rcsEz(mode,k)*cosmp
vEz = -rcsEz(modse,k)*sinmp

uHphi = rcsthi(mode,k)'cosmp
vHphi = -rcsHphi(mode,Xk)*sinmp
uHrho = rcsHrho(mode, k)#*sinmp
vHrho = rcsHrho(mode,k)scosmp
ulz = rcsHz(mode,k)*sinmp

vHz = rcsHz(mode,k)*cosmp

elss

uEphi = rcsEphi{mode,k)*cosmp
vEphi = -rcsEphi(mode,X)#*sinmp
uErho = rcsErho(mode,k)*sinmp
vErho = rcsErho{mode, k)*cosmp
uEz = rcsEz(mode, k)*sinmp

vEz = rcsEz(mode,k)*cosmp
uHphi = recsHphi(mode,k)*sinmp
vHphi = rcsHphi(mode,k)*cosmp
uHrho = rcsHrho(mode, k)*cosmp

vArho = -rcsHrho(mode,k)*sinmp
uHz = rcsHz(mode,k)*cosmp
vHz = -rcsHz(mode,k)#*sinmp

end if

do 65 phase_z = 0,PDIV-1
cz = (xitk-y2)*delztphase_z*delz/PDIV
el = axp{-unitiskwavescz*cost)

Escat_theta_A = (delz/PDIV)#rho*cl#*(-sint*ulphisIi
+uBz#I3+cost*vHz*I5)+Escat_theta_Ai

Escat_phi_A = (delz/PDIV)*rho*ci+(-uHz*I3-sint*
uBphi#I1+cost+«vEz*I5) +Escat _phi_A
continue
continue

¢

Rk

Cesexsvsnssr Integral B: 0 --> r0 -left integral at z1

cz = xlsdelz
cl = exp(-uniti'kwnvot:z‘cost)

do 70 k = 1,y2

if (polarization.eq.HORZ) then
uEphi = rcsEphi(mode,k)*sinmp
vEphi = rcsBphi(mode,k)}*cosmp
uErhe = rcsErho(mode,k)*cosmp
vErho = -rcsErho(mode,k)#*sinmp
uBz = rcsBz(mode,k)*cosmp
vEz = -rcsEz(mode,k)#*sinmp
uBphi = rcsHphi(mode,k)*cosmp
vEphi = -rcsHphi(mode,k)*sinmp
uHrho = rcsHrho(mode,k)#*sinmp
vErho = rcsHrho(mode, k)*cosmp
ulz = rcsHz(mode,k)*sinmp
vHz = rcsHz{(mode, k)*cosmp

elze
uEphi = rcaEphi{mode,k)¥cosmp
vEphi = -rcsEphi(mode,k)*sinmp
uErho = rcsErho{mode,k)*sinmp
vErho = rcsFrho(mode,k)*cosmp
uBz = rcsEz(mode,k)*sinmp
vEz = rcsEz(mode,k)*cosmp
uliphi = rcsHphi(mode,k)*sinmp
vHphi = rcsHphi(mode,k)*cosmp
uHrho = rcsHrho(mode,k)*coamp
vHrho = -rcsBrho(mode,k)*sinmp
uHz = resHz(mode,k)*cosmp
vHz = -rcsBz(mode,k)*sinmp

rho = (k-1)+delr
kps = kwave * tho * sint

it (abs(kps).lt.Xxps_tole) then
if (mode.sq.1} then
11=0.0
I3=pi

16=pi
else
I11=0.0
I13=0.0
16=0.0
end if
if (mode.eq.0) then
11=2%pi
end if
else
c2 = 2.0%pisuniti*mode/kps
c5 = ¢2%exp(unitis*mode»1.5%pi)
I1 = c3+besselj(kps,int{mode))
I3 = c4+besselj(kps,int(mode)+1)+c5+besselj(kps,

1 int (mode))
16 = c5ebesselj(kps,int(mode))

end if

Escat_theta_B = -delr*rho*ci*{-cost*ulphi*I3-uErho*I3~
1 cogt*vErho*15+vEphi*I5) +Escat_theta B

Escat_phi_B = -delrsrho*ci*({ulrho-cost*uEphi)«I3+
1 (-vEphi-cost*vErho)*I5)+Escat_phi B

70 continue

Crmnnnnn
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Crasssssnsr Integral C: 0 --> rO -right integral at 22

cz
cl

do

258

= x2*xdelz
= exp(-uniti®kwavescz*cost)

80 k=y2+x2-x1,2¢y2+x2-x1-1

if (polarization.eq.HORZ) then
uEphi = rcsEphi{mode,k)*sinmp
vEphi = rcsEphi(mode,k)*cosmp
uErho = rcsErho{mods,k)*cosmp

vErho = -rcsErho{mode,k)*sinmp
uEz = rcsEz(mode,k)*cosmp
vBz = -rcsEz(mode,k)#*sinmp

uBphi = rcsHphi(mode,k)*cosmp
vHphi = -rcsHphi(mode,k)*sinmp
ulrho = rcsHrho{mods,k)*sinmp
vHrhe = rcsHrho(mode,k)*cosmp
ulz = rcsHz(mode,k)*sinmp

vHz = rcsHz(mode,k)*cosmp

uEphi = rcsEphi(mode,k)*cosmp
vEphi = -rcsEphi{(mode,k)*sinnp
uErho = rcsErho(mode,k)*sinmp
vErho = rceFrho(mode,k)*cosmp
uEz = rcsEz{mode,k)*sinmp

vEz = rcsEz(mode,k)*cosmp
ufiphi = rcsHphi(mode,k)*sinmp
vHphi = rcsHphi(mode,X)*cosmp
ulrho = recsHrho(mode,k)*cosmp

vArho = -rcsHrho(mode,k)*sinmp
ulz = rcsHz(mode,k)*cosmp
vHEz = -rcsHz(mode,k)*sinmp

end if

rho = (2%y2+x2-x1-1-k)*delr
kps = kwave * rho * sint

if (abs(kps).lt.kps_tols) then
if (mode.eq.1) then
11=0.0
I3=pi
15=pi
else
11=0.0
13=0.0
15=0.0
end if
if (mode.eq.0) then
T1=2%pi
end if
else
¢2 = 2.0*pi*uniti*mode/kps
c6 = c2+exp(uniti*mode*1.5+pi)
I1 = c3#besselj(kps,int (mede))
I3 = c4sbesselj(kps,int (mode)+1)+c6*besselj(xps,
int (mode))
c6+besselj(kps,int (mods))

16
end if

Escat_theta_C = delr*rho*cl#*(-costsuliphi*I3-uErho*I3-
cost#vHrho*I5+vEphi*15) +Escat_theta_C

Escat_phi_C = delrsrho*cl*((ulirho-cost*uEphi)*I3+
(-vHphi-cost#vErho)+I5)+Escat_phi_C
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80

continue

crexrxns MODE looprswsss

55

continue

60
40

99

*

At = Escat_theta_A + Escat_theta_ B + Escat_theta C
Ap = Escat_phi_A + Escat_phi B + Escat_phi C

if (polarization.eq.HORZ) then

A = At*(cost¥costrcosptsint*sint)-Aprcost*sinp
else

A = At*cost*sinptApscosp
end if

RCSc = ((kwaver#2)*(4+32))/(4.0+pis (AMP++2))
RCS = ((kwave+*2)*((abs(A))*#2))/(4.0%pis(RMP*42))

write(6,*) phi, theta, 10*L0G10(RCS)

write(9,99) kwave,phi,theta,10+LOG10(RCS),abs(RCSc),
1 atan2{imag(RCSc),real (RCSc))

continus
continue
format(F12.7,1X,F6.1,1X,F6.1,1X,F10.5,1X,E19.12,1X,F17.10)

RETURN
ERD
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c SETUP_GEOMETRY setups all the parameters needsd to run the simulation

c
c

including the target meshing algorithm which determines the surface

normals.

cerRn

SUBROUTINE setup_geometry

implicit none
include ’'common.f’

integer index, round, xspacing, count

real max_x_node, max_y_node, min_x_node, min_y_nods,

1 slope, xnodes(1:MAX_NODES), ynodes(1:MAX_NODES), sgn,

1 length, height, inttol, sgnx, sgny, slope2, cx, cy, err

parametsr(inttol=1e-5)

parameter (xspacing = 10)
parameter (yspacing = 35)

write(6,*) ’Setting up geometry...’
write(6,’ (?’+Enter yspacing: ’’, $)!)
read(5,*) yspacing

vrite(6,’(’’*Enter PML_DEPTH: ’', §)’)

read(5,¢) PML_DEPTH

write(8,’ (’'¢Enter alpha: *’, $)?)
read(5,*) alpha

write(8,'(’'+Enter beta:
read(5,*) beta

v, 8

yspacing = yspacing+PML_DEPTH

errorcount = 0

Read geometry file in.
open(unit=10,file=geomfile,status=’unknown’,form=’formatted’)

read(10,*) delz
read(10,%) delr

it (PML_DEPTH.gt.0) then
alpha = 0.075/(PML_DEPTH+delr)
beta = alpha

else
alpha = 0.0
beta = 0.0
end if
delz = delta

delr = delta
read(10,*) total_nodes

it (total_nodes.gt.MAX_NODES} then
errorcount = errorcount+i
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errors(errorcount) = NODE_ERROR
call memory_check

end if

do 10 index=1,total_nodes
read{10,*) xnodes(index), ynodes(index)
print #*,xnodes(index), ynodes{index)
continue
close(unit=10}

Scale, position, and round object

max_x_node = delzsround{real{xnodss(1)/delz))
max_y_node = ynodes(1)
min_x_node = delz*round{(real{xnodes{l)/delz))
min_y_nods = ynodes(1)

do 20 index=1,total_nodes
xnodes{index) = delz*round(real{xnodes(index)/delz})
if (xnodes(index).gt.max_x_nods) max_x_node=xnodes{index)
if (xnodes(index).lt.min_x_node} min_x_node=xnodes(index)
ynodes{index} = ynodes(index)
i? (ynodes(index).gt .max_y_node) max_y_node=ynodes{index}
if (ynodes{index).lt.min_y_node)} min_y_node=ynodes{index)
continue

print *,’max_x_node=’,max_x_node

print *,’min_x_node=’,min_x_node

length = int({max_x_node - min_x_node)}/delz)+1
height = int((max_y_node - min_y_node)/delr)
heightkwave = heightsdalrskuave

obj_k = height+3

print *,’length = ’,length

print +,’height = ’,height

max_range_step = round(2.0*xspacing + length)
max_k = round(yspacing + height)

if (max_range_step.gt.MAX_Z_CELLS) then

errorcount = errorcount + 1
errors(errorcount) = MAX_Z_ERRCR
end if

if ((3*max_k+6).gt.¥MAX} then
errorcount = errorcount+l
errors(srrorcount) = MAX_R_ERROR
end if

do 30 index=1,total_nodes
xnodes(index) = xnodes(index) -~ min_x_node + xspacingvdelz
ynodes(index) = ynodes(index) - min_y_node + delr

continue

Estimate total number of staircase nodes needed.
count = O

do 40 index=1,total_nodes-1
if (abs(xnodes(index+1)-xnodes(index)).gt.inttol) then

count = count + abs(xnodes(index+1)-xnodes(index))/delz
slse
count = count + abs(ynodes{index+1)-ynodes(index))/delr
end if
continue
count = count+i

print #,’count = ’,count

if (count.gt.MAX_STAIR_NODES) then
stair_node_count = count
srrorcount = errorcount+i
arrors(errorcount) = MAXI_STAIR_ERROR

end if

define RCS box for calculating far-fields, only need top and
right side (forwvard scattering case)
x1=xspacing-3
x1 =2
yi1=1
x2=max_range_step+3-xspacing
x2=max_range_step-2
y2=max_k-yspacing+d
if ((2*(y2-y1)+(x2-x1)+1).gt .MAX_RCS_NODES) then

errorcount = errorcount+l
errors{errorcount) = MAX_RCS_ERROR
end if

call memory_chack
Begin geometry mesher routine.

count = 0

do 50 index=1,total_nodes-1
print ¢,abs(xnodes(index+1)-xnodes(index)),inttol
print s, xmodes(index)/delz,ynodes(index)/dslr
it (abs(xnodes(index+1)-xnodes(index)).gt.inttol) then
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BN o=

sgnx = sgn(xnodes(index+1)-xnodes(index))
do 60 cx = xnodes(index),xnodss{index+1)-sgnxe«(delz-
delz/10), sgnx*delz
if (index.eq.2) then
print *,’TEST:’,index,cx/delz
pause
end if
if (abs{cx-xnodes(index)).1t.inttol.AND.index.gt.1) then
print *,’debug znodes’,round(real{cx/delz}),
round(real(cy/delr))
if (abs(xnodes(index)-xnodes{index+1)).1t.inttol.AND.
{xnodes{index)-xnodes(index~1)).gt.0.0.AND.
abs(ynodes(index)-ynodes(index-1}).1t.inttol .AND.
{ynodes{index+1)~ynodes{index)).gt.0.0) then
count = count + 1
normsloc(count,1) = round(real(cx/delz))
normsloc{count,2} = round(real(cy/delr))

crsrxnmrsnanhkrexsns AN INHAT Ti1

W

normsinf (count,1) = 999.0
normsinf{count,2} = 995.0
else if {abs(xnodes(indax)-xnodes(index~-1)).1t.inttol

.AND. (xnodes(index+1) ~xnodes{index)) .gt.0.0
AND.abs(ynodes(index)-ynodes{index+1)).1t.
inttol.AND. (ynodes(index-1)-ynodes(index)).
g4.0.0) then

count = count + 1

normsloc{count,1) = round(real{cx/delz))

normsloc{count,2) = round(real{cy/delr))

crrrsnsnrneskererers AN INHAT T2

W

normsinf{count,1) = -969.0
normsinf {count,2) = -998.0
else if (abs(xnodes(index)-xnodes({index-1)).1t.inttol

.AND. (xnodes (indsx+1) -xnodes (index)) .gt.0.0.
AND.abs{ynodes (index)-ynodes (index+1)) .1t.
inttol.AND. (ynodes{index)-ynodes(index~-1}).
gt.0.0) then

count = count + 1

normsloc{count,1) = round(real{cx/delz)})

normsloc{count,2) = round(real{cy/delr))

chkhnkeunsnuknsksst A CORHAT Ti1
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normsinf (count,1) = -500.0
normsinf (count,2) = -500.0
normsinf (count,1) = -0.4867680792
normginf {(count,2) = 0.0

else if (abs(xnodes(index)-xnodes(index+1)).1lt.inttol

.AND. (xnodes(index) -xnodes{index-1)) .gt.0.0.
AND . abs(ynodes{indsx)-ynodes(index-1)).1t.
inttol.AND. (ynodes{index)-ynodes(index+1}).
gt.0.0) then

count = count + 1

normsloc(count,1) = round{(real(cx/delz)})

normsloc(count,2) = round(real{cy/delr))

crersxrsxreerannwnss A CORHAT T2
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normsinf (count,1) = 500.0
normsinf (count,2) = 500.0
normsinf(count,1) = 3.6283607328
normsinf (count,2) = 0
elss
slope = (ynodes(index+1)-ynodes{index))/(
xnodes (index+1)-xnodes(index))
cy = slope*{cx-xnodes(index+1))+tynodes(index+1)
count = count + 1
err = cy-delr*round(real(cy/delr))
if (abs{err).lt.inttol) err = 0.0
normsloc{count,1} = round(real(cx/delz))
normsloc(count,2) = round(real{cy/delr))
it (abs(cx-xnodes(index)).gt.inttol) then
normsinf(count,1) = pi/2-atan(slope)
else
if (index.gt.1) then
slope2 = {ynodes(index)-ynodes(index-1))/
(xnodes (index)-xnodes (index-1))
normsinf (count,1) = pi/2-atan((slope+slope2)

/2.0)
else
normsinf{count,1) = 0.0
snd if
end if
normsinf {count,2) = err/delr
end if

else
slope = (ynmodes(index+1)-ynodes (index))/(
xnodes{index+1)-xnodes (index))

cy = slope*(cx-xnodes(index+1})+ynodes(index+1)

count = count + 1

err = cy-delr*round(real{cy/delr))

if (aba(err).lt.inttol) exrr = 0.0

normsloc(count,1) = round(real(cx/delz))

normsloc(count,2) = round(real(cy/delr))

if (abs(cx-xnodes{index)).gt.inttol) then
normsinf (count,1) = pi/2-atan(slope)

else
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if (index.gt.1) then
slope2 = (ynodes(index)-ynodes{index-1)}/
{xnodes{index)-xnodes (index-1))
normsinf{count,1) = pi/2-atan({(slope+slope2)

/2.0)
else
normsinf (count,1) = 0.0
end if
end if
normsinf{count,2) = err/delr
end if
continue
alse

sgny = sgn{(ynodes{index+1)-ynodes(index))
print *,’sgny=’,sgny
do 70 cy = ynodes{index),ynodes(index+1)-sgny*(delr-
delx/10), (sgny+delr)
if (abs{cy-ynodes{index)).1lt.inttol.AND.index.gt.1) then
print #*,’debug ynodes',round{(real(cx/delz)),
round{real{cy/delr))
if (abs{xnodes{index)-xncdes{index+1}).1t.inttol.AND.
{xnodes(index)-xnodes (index-1)) .gt.0.0.AND.
abs(ynodes(index)-ynodes(index-1)).1t.inttol.AND.
(ynodes(index+1)-ynodes (index)).gt.0.0) then
count = count + 1
normsloc{count,1) = round(real{cx/delz))
normsloc{count,2) = round(real{cy/delr))

chexssnmanssennnnken AN INHAT T1
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normsinf{count,1) = 999.0
normsinf{count,2) = 999.0
else if (abs(xnodes(index)-xnodes{index-1)).1t.inttol

.AND. (xnodes (index+1)-xnodes(index)).gt.0.0.
AND.mbs(ynodes(index)-ynodes (index+1)).1t.
inttol.AND. (ynodes (index-1)-ynodes(index)).
gt.0.0) then

count = count + 1

normsloc{count,1) = round(real{cx/delz))

normsloc{count,2) = round(real{cy/delr))

crddnsnnkanranrkarsn AN INHAT T2
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normsinf{count,1} = -999.0
normsinf{count,2} = -999.0
else if (abs(xnodes(index)-xnodes(index-1)).1t.inttol

.AND. {xnodes{index+1)-xnodes (index)).gt.0.0.
AND.abs{ynodes{index)-ynodes (index+1)).1t.
inttol.AND. (ynodes(index)-ynodes(index-1)).
gt.0.0) then

count = count + 1

normsloc{count,1)} = round{(real{cx/delz))

normsloc{count,2) = round(real{cy/delr))

coxsnrnassrserstenses A CORHAT T1
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normsinf (count,1) = -500.0
normsinf (count,2) = -500.0
normsinf (count,1) = -0.4867680792
normsinf (count,2) = 0
else if (abs(xnodes{index)-xnodes{index+1)).1t.inttol
.AND. (xnodes(index)-xnodes (index-1)).gt.0.0.
AND .abs(ynodes(index)-ynodes (index-1)).1%.
inttol.AND. (ynodes {index)-ynodes(index+1)).
gt.0.0) then
count = count + 1
normsloc(count,1) = round(rsal{cx/delz))
normsloc(count,2) = round(real{cy/delr))

crreasnnrensenserexs A CORHAT T2
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crkEp
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normsinf (count,1) = 500.0
normsinf (count,2) = 500.0
normsinf (count,1) = 3.6283607328
normsinf (count,2) = 0
end if
else
cx = xnodes(index)
count = count + 1
normsloc{count,1) = round(real(cx/delz))
normsloc(count,2) = round(real(cy/delr))
normsinf (count,1) = 0.0
normsinf{count,2) = 0.0
end if
continue
end if

continue

snd point

count = count + 1

normsloc{count,1) = round(real(xnodss(total_nodes)/dslz)})
normsloc(count,2) = round(rsal(ynodes(total_ncdes)/delr))
normsinf{count,1) = 0.0

normsinf {count,2) = 0.0

stair_node_count = count
print =,’after count=',count

goto 900
stair_node_count = 21t
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open{unit=10,file=’norms2.dat’,status=’unknown’,form='formatted’)
do 1001 index=1,stair_node_count

< print *,’debug read’, index
raad(10,*) normsloc(index,1), normsloc(index,2), count
< print *,’debug read A’, index

if (count.eq.RHOHAT) normsinf(index,1) = pi/2
if (count.eq.PMZHAT) normsinf (index,1) = 0.0
if (count.eq.CORHAT) normsinf(index,1) = 0.0
if (count.eq.INHAT) normsinf(index,1) = 999.0
normsinf (index,2) = 0.0
1001 continue
close{unit=10)

900  stair_node_count = stair_node_count

cs*¥+ Yrite out staircase model.
open{unit=10,file=’norms.dat’,status=’unknown’,
1 form='formatted’)

do 1000 index=1,stair_node_count
write{10,*) normsloc(indax,1), normsloc{index,2),
1 round (real(100.*normsinf (index,1)*180/pi))*1.0/100.0,
2 round{real (1000 .*normsinf (index,2)))*1.0/1000.0
1000 continue
close(unit=10)

ces** Now arrange staircase data so that it iz easy to manipulate
call sort_staircasa_data(stair_node_count)

RETURN
END

¢ SORT_STAIRCASE DATA sorts the stair_zero array by the range index so

G that calc_inc_field subroutine can quickly find the cells that are
[ on the target surface at a given range step.
s LT ]

SUBROUTINE sort_staircase_data(N)

implicit none
include ’common.f’

integer k,i,N,oldri,newxi
c*»»* Sort staircase points by range index

do 10 k = N-1,1,-1
do 20 i = 1,k
if (normsloc(i,1).gt.normsloc(i+1,1)) then
call swap_stair(i,i+1)
end if
20 continue
10 continue

c*#** Figure out starting and ending indices of each range step

do 30 k = 1, max_range_step
rangs_index(k,1) =1
range_index{k,2) = 0
30 continue

oldri =1
do 40 k = 1, N
newri = normsloc{k,1)
if (newri.ne.ocldri) then
range_index{oldri,2)} = k-1
range_index(newri,1) = k
oldri = newri
end if
40 continue
range_index{normsloc(N,1),2)

"

N
open(unit=10,file=’range.dat’,status=’unknown’,form='formatted’)
do 50 X = 1, max_range_step

write(10,*) range_index(k,1), range_index(k,2)

80  continue
close(unit=10)
END

c#*#»s routine for awapping tvo elements in the stair_zero array
SUBROUTINE swap_stair(indl,ind2)

implicit nons
include ’common.f’

integer indl, ind2, templ, temp2
real temp3, tempd

tompl = normsloc(indl,1)
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temp2 = normsloc(indi,2)
temp3 = normsinf(indi,1)
tempd = normsinf(indi1,2)
normsloc(indl,1) = normsloc(ind2,1)
normsloc{indl,2) = normsloc(ind2,2)
normsinf{ind1,1) = normsinf(ind2,1)
normsinf{ind1,2) = normsinf{ind2,2)

normsloc{ind2,1) = templ
normsloc{ind2,2) = temp2
normsinf(ind2,1) = temp3
normsinf{(ind2,2) = tempd

RETURN
END

BEEEERERE RS L R P

¢ INIT_FIELDS
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SUBRDUTINE init_fields

implicit none
include ’common.f?

integer k
do 10 X = 1, NMAX
Efields(k) = (0.0,0.0)

10  continue

RETURN
END

ITI1] Py

¢ REAL FUNCTION DIST_TO_LINE returns the perpendicular distance from a
¢ point in space (x,y) to a line that is of the form Ax+By=C
CHESZEUNENERXEEXRN R B RN A ZEEPERENERERSXNXR S ESE XX R TR AL SRR SER NP SR A EENE RS RS

REAL FUNCTION dist_to_line(A,B,C,x,y)

implicit none
real A4,B,C.x,y

dist_to_line = abs{(A»x+B#y-C)/sqrt(A**2.0 + B**2.0))
RETURN
END

¢ LOGICAL FUNCTION INSIDE_PEC(inst,ylist,x,y) returns TRUE if the point
c {x,y) is inside the polygon described by the points in x,y lists

LOGICAL FUKCTION inside_pec{px,py)

implicit none
include ’'common.f’

integer count
real xlist(1:MAX_STAIR_NODES),ylist(1:MAX_STAIE_NODES),xpil,
1 ypl,px,py,slope

integer maxx, minx, maxy, miny, index, above, below, connect
c*#»% define xlist,ylist,count

count = stair_node_count
do 6 index=1,count
xlist{count) = normsloc{index,1)+0.0
ylist{(count) = normsloc(index,2)+normainf{index,2)
5 continus

ce*¥s if polygon not closed, close it.
if (x1ist(1).ne.xlist(count).OR.ylist(1).ne.ylist(count)} then
connect = (O
else
connect = -1
end if

maxx = xlist(1)
minx = xlist(1)
maxy = ylist(1)
miny = ylist(1)

do 10 index=1,count

it (xlist(index).gt.maxx) maxx=xlist(index)
£ (ylist(index).gt.maxy) maxy=ylist(index)
f (xlist(index).lt.minx) minx=xlist(index)
£ (ylist(index).lt.miny) miny=ylist(index)
10 continne

[URETR



APPENDIX D. SOURCE CODE

real x, fpart
if (px.gt.maxx.0R.px.1lt.minx.0R.py.gt.maxy.0R.py.1t.miny} then integer ipart
inside_pec = .FALSE.
else ipart = int(x)
fpart = x-aint(x)
c*s#* count the intersections
i? (fpart.gt.0.5) then
above = 0 round = ipart+l
below = 0 else if (fpart.gt.0.0) then
round = ipart
do 20 index = 1,count+connact else if (fpart.ge.-0.5) then
if (index.eq.count) then round = ipart
xpl = xlist(1) else
ypl = ylist(1) round = ipart-1
else end if
xpl = xlist(index+1)
ypl = ylist(index+1) RETURN
end if END
if { (abs{px-xlist(index))}.lt.tole).AND.{abs(px- rREEEE
1 xlist(index+1)).1t.tole}) then ¢ MEMORY _CHECK checks if enough memory has besn allocated and reports
if ({(py.le.ylist{index)).AND.(py.ge.ylist(index+1))). c all errors stored in error buffer
1 OR. ({py.ge.ylist(index)).AND. (py.le.ylist{index LEL LI
2 +1))) ) then
inside_pec = .PALSE. SUBRDUTINE memory_check
RETURN
end if implicit none
end if include ’common.f’
it ( ((abs{px-xlist(index)).lt.tole).AND. (abs(py- integer i, id, MAX_RCS_RL_ERROR, MAX_RCS_AB_ERROR
1 ylist(index)).1t.tole)) .OR.((abs(px-xlist (index+i)).
2 1t.tole) .AND. (abs{py-ylist(index+1)).1t.tole))) then parameter (MAX_RC5_RL_ERROR=6, MAX_RCS_AB_ERROR=7)
inside_pec = .FALSE.
RETURN if ((4*y2).gt.MAX_RCS_RL_NODES) then
end if errorcount = errorcount+i
errors{errorcount) = MAX_RCS_RL_ERROR
if ((px.le.xlist(indsx).AND.px.ge.xpl).0OR. end if
1 (px.ge.xlist(index) .AND.px.le.xp1)) then
slope = (ylist(index}-ypl)/(xlist(index)-xpi) if ((2#(x2-x1)+2).gt .MAX_RCS_AB_NODES) then
if (abs((slope*(px~xlist(index))+ylist(index))-py). errorcount = errorcount+l
1 1lt.tole) then errors{errorcount) = MAX_RCS_AB_ERROR
inside_pec = .FALSE. end if
RETURN
else if ({slope*(px-xlist(index)}+ylist(index)).gt. if (errorcount.gt.0) then
1 py) then write(6,») ™ e
above = above+i write(6,*) ’Insufficient memory to begin simulation. The’
else write(6,*) 'following parameter(s) in the common.f file’
below = below+l write(8,*) ’nesd to be adjusted:’
end if
end if do 10 i=1,errorcount
20 continue id = errors(i)
write(6,%)
if (mod(above,2).eq.1.AND.mod(below,2).eq.1) then if (id.eq.NODE_ERROR) then
inside_pec = .TRUE. write(6,*) 'Set MAX_NODES to at least’,total_nodes
slse elpe if (id.eq.MAX_Z_ERROR) then
inside_pec = .FALSE. writa(6,*) ’Set MAX_Z_CELLS to at least’,max_range_step
end if else if (id.eq.MAX_R_ERROR) then
end if write(6,*) ’Set MAX_R_CELLS to at least’,max_k
else if (id.eq.MAX_STAIK_ERRDR) then
RETURN write(6,*) ’'Set MAX_STAIR_NODES to at least’,
END 1 stair _node_count
else if (id.eg.MAX_RCS_ERROR) then
write(6,*) ’Set MAX_RCS_NODES to at least’,
rrarsERnan e L] 1 (x2-x1)+2#(y2-y1)+1
¢ REAL FUNCTION SGN returns the sign -1,0,1 of the arguement oslse if (id.eq.MAX_RCS_AB_ERROR) then
write(8,*) ’Set MAX_RCS_AB_NODES to at least’,
1 2% (x2-x1)42
REAL FUNCTION sgn(x) else if (id.eq.MAX_RCS_RL_ERROR) then
write(6,#) 'Set MAX_RCS_RL_NODES to at least’,
real x, stol 1 4xy2
end if
stol = le-7
10 continue
if (x.gt.stol) then write(6,*) ’ :
sgn = 1.0 stop
else if (x.1t.-stol) then
sgn = -1.0 end if
else
sgn = 0.0 RETURN
end if END
RETURK hid
END ¢ WRITE_OUT_ALL_PARMS outputs to a file all important parameters used
¢ in running the simulation.
Ll L]
¢ INTEGER FUNCTION ROUND returns the integer nearest in mbsolute SUBROUTINE write_out_all parms
¢ distance to the real arguement
e implicit none
include ’common.f’
INTEGER FUNCTION round(x)
integer index, round
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10

real x(1:MAX_STAIR_NODES), y(1:MAX_STAIR_NODES)

do 10 index = 1,stair_node_count
x(index) = real(normsloc{index,1))
y(index) = real{normsloc(index,2)})
continue

open{unit=10,file=’pwe.out’,status=’'unknown’,form='formatted’)

vrite(10,*) ’max_range_step = ', max_range_step,’';’
write(10,*) ’'max kX = ’, max_k,’;’

write(10,s) ’delz = ', delz,

write(10,») ’delr = ’, delr,’;

write(10,*) ’inc_ang = *, inc_ang*180/pi,’;’

vrite(10,'{(’’ freq (GHz) = ’’, F6.3, *’;’')’) kwavesc/2.0/pi/1e9

write(10,*) ’kwvave = ', kwave

write(10,%)

write(10,*) ’delz = lambda/’,round(real{2+pi/kwave/delz})
write(10,*) ’delr = lambda/’,round(real(2»pi/kwave/delr))

write(10,+)
write(10,*)
write(10,%)
writa(10,=)
write(10,%)
write (10,%*)

’stair_node_count = ', stair_node_count
’running modes, ’, smode,’ to ', emode
‘PML_DEPTH = ’, PML_DEPTH

‘yspacing = ’, yspacing

’alpha = ', alpha

‘beta = ’, beta

write(10,+) ’x1,y1,x2,y2= ’,x1,yi,x2,y2

write(10,*) ’rcs_nodes = ’, 2#(y2-y1)+(x2-x1)+1

if (comp_forw_scat.eq.1) then

write{10,*) ’Paraxial Direction = forward’
else if (comp_forv_scnt.eq.Z) then

write(10,#) ’Paraxial Direction = backward’
else

write(10,s) 'Paraxial Direction = forw/back’
end if

if (polarization.eq.HORZ) then

write(10,*) ’'HH RCS calculated’
else

write(10,#) ’'VV RCS calculated’
snd if
write(10,*) 'Geomfile used was’, geomfile
write(10,%) ’low_freq (GHz) = ’, freqlist(1,1)/1.0e9
write(10,*) ’high_freq (GHz) = ’, freqlist(num_freqs,1)/1.0e$
write(10,*) ’num_freqs = ’, maxf-minf+l
write(10,%*)
write(10,*) ’Optimal memory settings...’
write (10,%)
write(10,*) ?'MAX_NODES =’, total_nodes
write(10,») ’MAX_Z_CELLS = ’, max_range_step
write(10,%) *MAX_R_CELLS = ’, max k
write(10,*) *MAX_STAIR_NODES = ', stair_node_count
write(10,*) ’MAX_RCS_NODES = ’, (x2-x1)+2#(y2-y1)+1
write(10,*) ’MAX_RCS_AB_NODES = *, 2#(x2-x1)+2
write(10,%) ’MAX_RCS_RL_NODES = ’, 4#y2
write(10,») ’'NMAX=3*MAX_R_CELLS+6 = ’, 3*max_k+6

call plotb{x,y,stair_node_count,51,41,10)
close{unit=10)

RETURN
END

¢ WRITE_QUT_LIN_SYS writes out the linear that represents the

c

propagation at the current range step.

o aao

c 10

20

SUBROUTIRE write_out_lin_sys

implicit none
include ’common.f’

integer k

open{unit=12,file='1linays.dat’, status=’unknown’,form='formattesd’)
open{unit=13,file='efislds.dat’, status=’unknown’,form='formatted’)
open{unit=14,file='sa.dat’,status='unknoun’,form="formatted’)
opcn(unit=15,tile=’x]n‘dnt’,status=’unknown’,form='tormntt-dﬂ

do 10 k=1,3#max_k+6
do 15 j=1,3¢max_k+6
write(12,99) real(iwave(k,j)}),imag(ivave(k,j))
continue
continue

do 20 k=1,3*max_k+6
write(13,99) real{Efields(k)),imag(Efields(k))

continus

print *,ija{3*max_k+7)-1
do 30 k=1,ija(3%max_k+7)-1
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89

write(14,99) real(sa(k)),imag(sa(k))
write{15,*) ija(k)
continue

format (2X,E21.13,5X,E21.13)

close{unit=13)
close{unit=12)
close{unit=14)
close{unit=15)

RETURN
END

¢ WRITE_OUT_IMAGE writes out the values of the ch

<

efield t

P

50 that a PWE “image' can be constructed.

PP EEERRERRRERNR

SUBROUTINE write_out_image(FN)

implicit none
inciude ’'common.f’

integer FN, k

cx*x*x imngefieldtype = 1 --> Record Erho field
c*s*s imagefieldtype = 2 --> Record Ephi field
cesss immgefieldtype = 3 --> Record Ez field

10

20

30

99

if (imagefieldtype.eq.1) then
do 10 k = 1,max_k+2
write(FN,99) real{efields(k)), imag(efields(k)})
continue
else if (imagefieldtype.eq.2) then
do 20 k = max_k+3, 2*max_k+4
write(FN,99) real(efields(k)),imag(efields(k))
continue
else if (imagefieldtype.eq.3) then
do 30 k = 2*max_k+5,3*max_k+6
vrite{(FN,99) real(sfields(k)),imag(sfields(k))
continue
end if

format (2X,E21.13,5X,E21.13)

RETURN
END

EEREES kR

c PLOTB takes a set of data points (X,Y) and makes and mscii plot out

<

of them

aaoagaaaaaq

Q
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WRITTEN 2/14/74

LTI
SUBROUTINE PLOTB(X,Y,N,NC,NR,FID)

BY J. M. PUTNAM DEPT 220 X23877

THIS ROUTINE PRODUCES 4 LINEAR XY PLOT.

500

N IS THE NUMBER OF POINTS TO BE PLOTTED.

NR IS THE NUMBER OF ROWS TO BE USED FOR THE Y-AXIS.

NC IS THE NUMBER OF COLUMNS TO BE USED FOR THE I-AXIS.
NOTE, NC-1 MUST BE DIVISIBLE BY 10 AND LESS THAN 102.

REAL X(161),Y(161),HEAD(10)
INTECER LINE(101),BLANK,STAR,FID
DATA BLANK,STAR /iH ,1H¢/
N10=(NC-1)}/10

WRITE(FID,500)

PORMAT(//,17H1BODY CODRDINATES)
WRITE(FID,504)
IMIN=X(1)
XMAX=X(1)
YMIN=Y(1)

YMAX=Y (1)

D0 6 I=1,N
IF(X(I).LT.XMIN)
IF(X(I).GT.XMAX)
IF(Y(I).LT.YMIN)
IF(Y(I).GT.YMAX)
CONTINUE
DEL=XMAX-XMIN
IF(YMAX-YMIN.GT.DEL) DEL=YMAX-YMIN
XMAX=XMIN+DEL

YMAX=YMIN4DEL

D0 5 I =1,K10

2=1

HEAD(I)=(XMAX-XMIN)*Z/N10+XMIN
DY=(YMAX-YMIN)/(NR-1)

Z=YMAX+DY

YL=Z-DY/2.

XMIN=X(I)
XMAX=X(I)
YMIN=Y(I)
TMAX=Y(I)

]



504
507
508
3002

APPENDIX D. SOURCE CODE

DO 7 J=1,KR

DO 8 R=1,NC

LINE(K)=BLANK

Z=Z-DY

YU=YL

YL=Z-DY/2.

D0 9 I=1,N

IP(Y(1).GE.YU) €D TO 9

IP(Y(I).LT.YL) GO TO 9
K=(X(I)-XMIN)/(XMAX-XMIN)*(NC-1)+1.5
IF(K.GT.NC) K=NC

LINE(K)=STAR

CORTINUE

WRITE(FID,508) 2, (LINE(K),K=1,KC)
CORTINUE

WRITE(FID,504)

WRITE(FID,3002)

WRITE(FID,507) IMIN, (HEAD(I),I=1,N10)
EIREERRNENRRARERPENRR RGN

RETURN

PORMAT ( 1X, 14(1H-), 1H., 10(5B----.), 1H- )
FORMAT(10X,11(F10.4))

PORMAT (1X, F12.4,1X, 1HI, 51i1, 1HI )
FORMAT(4X,7HRB / ZB,4X,1HI,5(9X,1HI))

END

The following, bicgstab.f, contains the sub-

routines used to implement the stablized bicon-
jugate gradient method, an iterative technique
used to solve sparse matrix equations.

chEeE
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CEEPRNE

SUBROUTINE linbegstab(n,b,x,itol,tol,itmax,iter,err)

implicit none
include 'common.f’

INTEGER iter,itmax,itol,n
complex*16 b(NMAX),x(NMAX)
DOUBLE PRECISION err,tol,EPSV
parameter (EPSV=1.d-14)

U USES atimes,asolve,snrm

INTEGER j

DOUBLE PRECISION bnrm,dxnrm,xnrm,zminrm,znrm,snrm

complex*16 alphal,betal,rhe,rhol,omega,rtv,tt

complex#*16 p(NMAX),r{(NMAX),rr{NMAX),xhalf (NMAX) ,v(NMAX),s(NMAX)
complex*16 t (NMAX),z(NMAX),xmin{NMAX)

double precision minerr
integer iterminerr

iter=0

intitial guess is efields
do 2 j=1,n

x(j) = v({)
continue

call atimes(n,x,r,0)
do 11 j=1,n
r(j)=b(3)-x{(j)
rr{j)=r(j)
continue
call atimes(n,r,rr,0)
znrm=1.0
rho=(1.,0.)
omega=(1.,0.)
if(itel.eq.1) then
bnrm=snrm(n,b,itol)
If right hand side all zeros, don’t iterate, return all zeros
if (bnrm.1t.tol) then
do 5 j=1,n
x(j) = 0.0
continue
write(»,*)
return
end if
else if (itol.eq.2) then
call asolve(n,b,z,0)
barm=snrm{n,z,itol)
If right hand side all zeros, don’t iterate, return all zeros
if (bnrm.1t.tol) then
do 6 j=1,n
x(j) = 0.0
continua
write(*,*)
return
end if

'finished, no iterations, RHS all zeros’

‘finished, no iterations, RHS all zeros’

CHIRRRR
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else if (itol.eq.3.or.itol.eq.4) then
call asolve(n,b,z,0)
bnrm=snrm{n,z,itol)}
It right hand side all zexos, don’t iterate, return all zeros
if (bnrm.1lt.tol) then
do 7 j=1,n
x{j) = 0.0
continue
write(*,*)
return
end if
call asolve(n,r,z,0)
znrw=snrm{n,z,itol)
else
pause ’illegal itol in linbeg’
endif

*finished, no iterations, RHS all zeros’

if (iter.le.itmax) then
iter=iter+l
write(*,+) iter,err
rhol=rho
zminrm=znrm
rho=(0.,0.)
do 12 j=1,n
rho=rho+r(j)*conjg{rr(3))
continue
if(iter.eq.1) then
do 13 j=1i,n
p{i)=x(j)
continue
else
betal=(rho/rhol)*(alphal/omega)
do 14 j=1,n
p(j)=betal*(p(j)-v(j)*omega)+r(j)
continue
endif
call atimes{(n,p,v,0)
rtv=(0.,0.)
do 15 j=1,n
rtv=rtviv(j)*conjg{rr(j))
continue
alphal=rho/rtv
do 16 j=1,n
xhalf (j)=x(j)+alphaisp(j)
s(j)=r(j)-alphaisv(j)
continue
call atimes(n,s,t,0)
t¢=(0.,0.)
do 17 j=1,n
tt=tt+conjg(t(3)) *t(j)
continue
omega=(0.,0.)
do 18 j=i,n
omega=omega+conjg{t(j))*s(j)
continue
omega=omega/tt
do 19 j=i,n
x(j)=x(j)+alphal«p(j) +omega*s(j)
r{j)=8(j)-omegast(j)
continue

if(itol.eq.1.0r.itol.eq.2)then
znrm=1.d0
err=snrm(n,r,itol)/bnrm
else if(itol.eq.3.or.itol.eq.4)then
znrm=snrm(n,z,itol)
if (abs(zminrm-znrm) .gt . EPSV#znrm) then
dxnrm=abs(alphat)*snrm(n,p,itol)
err=znrm/abs(zminrm-znrm)*dxnrm
else
err=znrm/bnrm
goto 100
endif
xnrm=snrm(n,x,itol)
if(err.le.0.5d0*xnrm) then
err=orr/xnrm
else
err=znrm/bnrm
goto 100
endif
endif
if (iter.eq.1) then
minerr = err
iterminerr =
do 201 j=1,n
xmin(j) =
continue
else
if (err.lt.minerr) then
minerr = erx
iterminerr =
do 202 j=1,n

iter

x(3)

iter
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xmin(j) = x(j)

202 continus
end if
end if
c write (*,*) ’ iter=’,iter,’ err=’,err
if(err.gt.tol) goto 100
endif

write (*,*) ' iter=’,iter,’
c*#** if solution diverged then return xmin out of all iterations
if (err.gt.tol) then
write(®,*) ' jiterminerr=’,iterminerr,’ minerr=’,minerr
do 203 j=1,n
x(3) = xmin(j)
203 continue
err = minerr
iter = iterminerr
end if
raturn
END

err=’,err

ce*** computes the 1-vector normal.
FUNCTION snrm(n,sx,itol)

implicit none
include ’common.f’

INTEGER n,itol,i,isamax
COMPLEX#16 sx(n)
DOUBLE PRECISION snrm

if (itol.1s.3)then
snrm=0.
do 11 i=1,n
snrm=snrmtabs (sx(i))**2
11 continue
snrm=sqrt (snrm)
else
izamax=1
do 12 i=1,n
if (aba(sx(i)).gt.abs(sx(isamax))) isamax=i
12 continue
snrm=abs (sx(isamax))
endif
return
END
¢ (C) Copr. 1986-92 Numerical Recipes Software ]2+r9,6)!.

c*s*s Computes the product of the sparse matrix structure (ija,sa)
c***% with the vector x and stors=z the result in b.
SUBROUTINE atimes(n,x,b,itrnsp)

implicit none
include ’common.f’

INTEGER n,itrnsp,i,j,k
COMPLEX*16 x(n),b(n)

if (itrnsp.eq.0) then
chassss calculate b=Asx

if (ija(1).ne.n+2) pause ’mismatched vector & matrix in sprsax’

do 12 i=1,n
b(i)=sa(i)*x(i)
do 11 k=ija(i),ija(i+t1)-1
b(i)=b(i)+sa(x)*x(ija(k))
11 continue
12 continue
else
ceaxk** calculate b=At*x where At is conjugate tranpose of 4

it (ija(1).ne.n+2) pause ’mismatched vector k matrix in sprstx’

do 111 i=1i,n
b(i)=sa{i)=x(i)
111 continue
do 113 i=1,n
do 112 k=ija(i),ija(i+1)-1
j=ija(k)
b(j)=b(j)+conjg(sa(k))ex(i)
112 continue
113 continue

endif

return
END

cesss get pre-conditioner equal to identity matrix
SUBROUTINE asolve(n,b,x,itrnsp)

implicit none
include ’common.f’
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INTEGER n,itrnsp,i
COMPLEX*16 x(n),b(n)

do 11 i=1,n
x{(i)=b(i}/sa(i)
x(i)=b{i)

continue

return

END

¢ (C) Copr. 1986-92 Numerical Recipes Software ]2+r9,6)!.

the

The following, common.f, is used to create
common blocks that are included in most

of the subroutines used by the BOR PWE pro-
gram.

cHERE

chRE®

1 MAX_RCS_NODES, NMAX, MAX_RCS_AB_NODES,

common.include file. Contains all global variable declarations.
Variables that can be changed to allocate memory

integer MAX_R_CELLS, MAX_Z_CELLS, MAX_NODES, MAX_STAIR_NODES,
MAX_RCS_RL_NODES,

2 MAX_NORM_NDDES, PML_DEPTH, NNZ, MINMODE, MAXMODE

crrE
crerk
cemns
chErw
chkRk

parameter (MAX_Z_CELLS=2420)

parameter (MAX_R_CELLS=600)

parameter (MAX_NODES=201)

parametexr (MAX_STAIR_NODES=2641)

parameter (MAX_NORM_NODES=2+MAX_STAIR_NODES+1)
parameter (MAX_RCS_NODES=2653)

parametexr (NMAX=3*MAX_R_CELLS+6)

parameter (MINMODE=0)

parameter (MAXMODE=14)

maximum number of nonzeros. computed as follows:
tridiagonal terms: 3%(3#MAX_R_CELL5+6)-2
super-super terms: 2*(2+*MAX_R_CELLS+4)
max z-coupled terms: 3+*MAX_R_CELLS
total: 16+#MAX_R_CELLS+24
parameter (NNZ=16+«MAX_R_CELLS5+24)

parameter (MAX_RCS_RL_NODES=496)
parameter (MAX_RCS_AB_NODE5=4814)

< parameter (PML_DEPTH=8)
STATIC VARIABLE DECLATIONS BELOW##sssssstssstsss
c#+4» Important contants
double precision ¢, mu, eps, eta
complex uniti
parameter {c=2.9979247H7E8, mu=1.25663706144E-6,
1 eps=8.8541874E-12, eta=376.73032,uniti=(0.0,1.0))
double precision tole, pi, ONE, ZERQ
parameter(tole = 1.0e-13, pi=3.14159265358979)
parameter (ZER0=0.dC¢, ONE=1.d0)
ces** ga,ija -~ sparse matrix structure for wave matrix
ces#s Efields -- vector of Erho,Ephi,Ez fields along at current range
c complex*16 Awave (1:NMAX,1:NMAX)
¢ complex#16 Bwave (HMAX*NMAX)
complex+16 Efields(1:NMAX)
complex*16 sa(1:NNZ)
integer ija(1:NNZ)
cex#* rcsErho,resEphi,rcsEz -- vectors contains fields along a surface
ct***  that encloses the scatterer.
complex*16 rcsErho(MINMODE: MAXMODE,1:MAX_RCS_NODES),
1 rcsBphi (MINMODE :MAXMODE, 1:MAX_RCS_NODES),
2 rcsEz (HINMODE: MAXMODE, 1: MAX_RCS_NODES)
complex*16 rcsHrho(MINMODE:MAXMODE,1:MAX_RCS_NODES},
4 rcsHphi (MINMODE : MAXMODE, 1:MAX_RCS_NODES),
5 rcsHz (MINMODE : MAIMODE, 1:MAX_RCS_NODES),
6 rcsEphi_ab(1:MAX_RCS_AB_NODES),
7 rcsEphi_r1(1:MAX_RCS_RL_NODES),
8 rcsBz_ab(1:MAX_RCS_AB_NODES),
9 resErho_r1(1:MAX_RCS_RL_NKODES)
cs»*s Geometry description and incident wave description variables

character*72 geomfile

complex*16 AMP

parametexr(AMP = (1.d0,0.d0))
real start_freq, end freq, dfreq
double precision delz, delr



APPENDIX D. SOURCE CODE

double precision delta, kwave, inc_ang, heightkwave
integer max_ X, max_range_step, polarization, HORZ, VERT,
1 RHOHAT, PMZEAT, CORHAT, INHAT, obj_k, Ehg, Evg,

2 smode, emode

parameter (HORZ=+1, VERT=-1, REOBAT=1, PMZHAT=2, CORHAT=3, INHAT=4)

c*#*+ Geometry data points
integer total_nodes, stair_node_count, x1,x2,yl,y2,
2 normsloc(1:MAX_STAIR_NODES,1:2),
3 range_index(1:MAX Z_CELLS,1:2)

c*#+¥+ contains info about angle of norm and length correction.
real normsinf(1:MAX_STAIR_NODES,1:2)

c#*#+ Error buffer and error types
integer errorcount, errors(10),
1 NODE_ERROR, MAX_Z_ERROR, MAX_R_ERROR, MAX_STAIR_ERROR,
2 MAX_RC5_ERROR

parameter (NODE_ERROR=1, MAX_Z_ERROR=2, MAX_R_ERROR=3,
1 MAX_STAIR_ERRDR=4, MAX_RCS_ERROR=5)

ce¢s* Determines if image is to be stored.
logical store_image
integer imagefieldtype, comp_forw_scat, yspacing
cs*»* Bistatic calculation information
double precision low_phi, high_phi, dphi, low_theta, high_theta,
1 dtheta

c***x PML parameters
double precision alpha, beta

c**** (Common Blocks
common /matfcn/ max_k, obj_k

common delta, kvave, max_rangs _step
common /newstf/ heightkwave, smode, smode

common /incan/ inc_ang, stors_image, comp_forw_scat, delz, delr,
1 Ehg, Evg

common /spar/ sa, ija

common /bist/ low_phi, high_phi, dphi, low_theta, high_thst=a,

1 dtheta
< common /Aw/ Awave
< common /Bw/ Bwave

common /erho/ rcserho, rcsaphi, rcsez, Efields, imagefieldtype

common /hrho/ rcshrho, rcshphi, rcshz, rcsEphi_ab, resEphi_rl,
1 rcsErho_rl, rcsBz_ab, PML_DEPTH, yspacing

common /pml/ alpha, beta
c#as4 Common Geometry Block Variables
common total_nodes, stair_node_count, errorcount, normsloc,

1 errors, x1i,x2,yl,y2, range_index, polarization, geomfile,
2 normsinf

common start_frsq, end_freq, dfreq
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