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1 Introduction

1.1 Program functions

WaveSim calculates RF or microwave electromagnetic elds at a spe&d
frequency. The program determines two-dimensional solutienby nite-
element methods applied on conformal triangular meshes. Pkmsolutions
have eld variations in x and y (with no variation along z). In cylindrical
solutions variations are inr and z with azimuthal symmetry. Note that the
symmetry applies to both the geometry and the eld componentswWaveSim

gives fast solutions using sparse matrix inversion techniques. Tlpeogram
covers the full range of electromagnetic calculations.

Frequency scans to investigate the frequency response of bouhdgs-
tems.

Automatic searches to locate resonances of closed structures,hwatr
without material power loss.

Scattering solutions at a given frequency for open and lossy sysig

WaveSim applies an e ective method of matched termination bound-
ary layers in scattering calculations. These layers accurayetepresent free-
space boundaries. They are more versatile and e cient than theobk-back
techniques used in nite-di erence calculations. The methof distributed
sources is another advanced feature &faveSim . It allows you to gener-
ate ideal incident plane waves in a bounded anechoic chamijer studies of
electromagnetic wave scattering.

The material model of WaveSim is exible. You can specify real and
imaginary parts of the dielectric constant and magnetic persability at the
target frequency for up to 127 material regions. Ideal resistvmaterials
may also be de ned for frequency scans and absorbing layers iedrspace
solutions.

An interactive graphical environment gives plots and scans gfrimary
and secondary eld components with automatic labeling of thenode options.
The program calculates volume and surface integrals to deteine material
and wall losses in microwave devices.



1.2 Learning WaveSim

The length of this manual re ects the extensive capabilitiesf the WaveSim
package. It is not necessary to read the entire document to adzs most
applications. We have organized the chapters to help you getsted quickly.
You can investigate advanced topics as you gain more expeigen

The following chapter is critical reading. The walkthroughexample
gives you a quick introduction to the steps in creating and argzing
a nite-element solution with WaveSim . You may also want to run
some of the prepared examples supplied with the package.

Scan Chap. 1 of theMesh manual to understandTC , the TriComp
program launcher.

Chapter 3 gives an extensive review of the numerical methodppied
in WaveSim for two-dimensional electromagnetics. The material is in-
cluded for reference. You need not understand all details t@gstarted
with the program. You can check relevant sections as you move t
advanced solutions.

Be sure to read Chap. 2 of theMlesh manual which covers important
concepts for conformal meshes and nite-element solutions.

The nite-element approach involves three basic steps: 1) dide the
solution space into small volumes (that is, create mesh), 2) use the
mesh to convert the electromagnetic equations into a discreterm and
carry out a numerically solution and 3) analyze the results. As am-
troduction to the rst task, read Chap. 3 pf the Mesh manual. The
chapter follows a walkthrough example to introduce constrdion of
a solution geometry with the interactive Mesh drawing editor. The
exercise introduces fundamental tools you will need for yowa simu-
lations.

Chapters 4 and 5 cover basics of program operation. Chapter 4s4d
cusses how to supply information to the code and how to performeh
nite-element solution. Chapter 5 covers code capabilitieglotting and
quantitative analysis.

The best shortcut to the e ective application of WaveSim is to follow
the tutorials in Chapters 6 and 7. The examples cover the futange
of code applications. Chapter 6 concentrates on closed structs (res-
onant cavities and waveguides) and Chap. 7 addresses open staies
(di raction, electromagnetic scattering,...).



As you gain experience, you can take advantage of the full ramgf
Mesh capabilities. Chapter 4 of theMesh manual is a comprehensive
reference on theMesh drawing editor. Chapter 5 covers processing,
plotting and repairs of meshes. Other chapters cover advancéech-
niques inMesh . Chapters 6 and 7 show how to make direct entries in
scripts to invoke advanced control features. Chapter 8 descdab how to
create meshes directly from photographic and data images. Bhiea-
ture is useful to model complex or irregular systems that are dicult
to describe with simple geometric speci cations.

1.3 Finite-element solution procedure

An in-depth understanding of nite-element numerical method is not nec-
essary to useWaveSim . Nonetheless, it is important to have a clear idea
of fundamental concepts to create e ective solutions. This s&an describes
background material to understand the steps in afVaveSim solution.

The term eld indicates a quantity (scalar or vector) de ned over a re-
gion of space. Examples of elds include the vector electriceld E in an
electrostatic solution, electric and magnetic elds in an elgromagnetic so-
lution and the scalar temperatureT in a thermal solution. Variations of eld
guantities are usually described by continuous partial di eential equations,
such as the Helmholtz equation. These equations can be solvededtty by
analytic methods if the system geometry and material propeds are sim-
ple. Analytic solutions are extremely di cult in systems with asymmetric
structures or nonlinear materials. Furthermore, closed-formesults are often
expressed in terms of series expansions that must be evaluated ieuically.
For all but the simplest problems, it is usually quicker and more ecurate to
employ a direct numerical approach.

The fundamental issue in numerical eld solutions is that digial comput-
ers cannot directly solve continuous equations. On the otherahd, comput-
ers are well suited to solving large sets of coupled linear equaais. The goal
of all numerical eld methods ( nite-di erence, nite-ele ment or boundary-
element) is to convert the governing di erential equationsnto a set of coupled
linear equations. The solution of the linear equations apprehes the results
of the di erential equation when the set becomes large.

The basis of the nite-element approach is to divide the full dation vol-
ume into a number of small volumes, oelements Here, the term small
indicates that element dimensions are much less than the scaéngth for
variations of eld quantities. The division of the volume is cdled the compu-
tational mesh Figure 1 shows the type of mesh used for the two dimensional
solutions of WaveSim . The gure de nes three terms that will be used
throughout this manual:



Figure 1. Conformal triangular mesh { de nition of terms.

Element . Volume divisions of the system.
Nodes. Points where elements intersect.

Facets. Surfaces between two elements.

The elements in Fig. 1 have triangular cross-sections. In a plansolution,
the cross-section lies in thex-y plane and the elements extend an in nite
distance in the z direction. In a cylindrical solution, an element is a gure
of revolution about the axis with a triangular cross-section irthe z-r plane.
The mesh in Fig. 1 has the important property ofconformality. The
term means that the triangles have been specially shaped to ¢dorm to the
boundaries between materialsrégions). As a result, each element has an
unambiguous material identity. The nite-element method & based on two
approximations: 1) material properties in an element are ufarm and 2)
elements are small enough so that the eld quantities can be apximated
by simple interpolation functions. With these assumptions, the g@rning
di erential equation can be integrated over elements surrowding a node to
yield a linear equation. This equation relates the eld quatity at the node
to those at the surrounding nodes. The coupled set has one lineguation
for each node in the mesh. IWaveSim , solution of the set representing the
Helmholtz equation gives eithelE,, rE , H, or rH (depending on the sys-
tem symmetry and eld polarization). We can then perform twodimensional



interpolations to nd the eld quantities at intervening po ints, or take nu-
merical spatial derivatives to nd the other eld component.

With this background, we can understand the steps in aWaveSim
solution:

1.

You de ne the boundaries of material objects in a solutionolume for
your application. The task is usually accomplished with the draing
editor of Mesh. You can also specify control information such as the
target element sizes that may a ect the accuracy and run timefahe
solution. The result is a text record §cript) with sets of line and arc
vectors that outline electrodes and dielectrics.

. Mesh analyzes the boundary speci cations and automatically gene

ates a set of conformal triangles such as those of Fig. 1. The praqy
creates an output le that lists the locations of nodes and thédentities
of elements.

. You de ne the material properties of regions in the solutio volume.

Usually, you can peform this task with theWaveSim interactive Setup
dialog.

. WaveSim reads the mesh geometry and applies the material parame-

ters to generate the linear equation set.

. WaveSim solves the boundary-value problem using a direct matrix

inversion technique and records primary eld quantities as &nction
of position. The resulting le serves as a permanent record of ¢h
solution that can be re-loaded for latter analysis.

. You can use the interactive graphical environment ofWaveSim to

explore the solution. The program creates a wide variety of @is and
performs quantitative calculations of eld quantities. You can also
write scripts for automatic control of complex analyses.



Table 1: WaveSim les

Name | Function |
MName.MIN Mesh input script (de nition of foundation mesh and
region outlines)

MName.MLS Mesh diagnostic listing

MName.MOU | Mesh output (node locations and element identi es)
WName.WIN WaveSim input script (run control and material prop-
erties)

WName.WLS | WaveSim diagnostic listing

WName.WOU | WaveSim data dump, eld quantities at all positions
AName.SCR WaveSim script for automatic data analysis

1.4 Scripts and data les

Mesh and WaveSim read and generate several types of les. For a typical
solution it is not necessary for your to deal directly with the les { the user
interface takes care of data organization. On the other handf you generate
a large amount of data it's a good practice to archive appli¢@n results in
individual folders. Furthermore, there are advanced feates of Mesh and
WaveSim that require direct entries to the input scripts. For conveniece,
all input scripts and output data les are in text format. Both Mesh and
WaveSim feature integrated text editors. Table 1 lists the le types anl
functions in the WaveSim package. Note that the su xes indicate the le
function.



Figure 2: Screen display of théMlesh drawing editor { WALKTHRMample.
Dimensions in cm.

2 Creating and analyzing a WaveSim solution

As an introduction to WaveSim procedures, we shall follow an example in
detail. We want to calculate the resonant frequency and qua&i factor (Q)
for the klystron cavity shown in Fig. 2. Note that the cavity is a gure of
revolution about the axis at the bottom. In cylindrical WaveSim calcu-
lations, the horizontal axis is associated wittze and the vertical axis with
r. To begin, move the lesWALKTHRU.Daifd WALKTHRU.StoRa working
directory. Make sure that the Data directory in TC points to the working
directory.

2.1 Mesh generation

We will rst use the Mesh to create a script that describes the geometry.
Don't worry if you make a mistake in the following sequence. Yocan always
use the prepared scrippVALKTHRU.Mtdluded with the examples. The le
WALKTHRU.DXFa standard Drawing Exchange File prepared with QCAD

10



Figure 3: Region properties dialog.

(a freeware utility available on our resource site). Advanceceatures of the
program were employed to generate the llets (rounded corn® on the cavity
boundaries. We shall add region names and an additional regionthe Mesh
drawing editor. LaunchMesh and choose the comman@reate script/DXF
import. After you pick the DXFle, the program enters the drawing editor
mode and displays the vectors that outline the boundaries oégions. (Fig. 2).
We added shading to mark the void areas that are not included the solution
volume.

Initially, the drawing contains a layout region and three ative regions.
Click on Setting/Region propertiesto display the dialog of Fig. 3. The vectors
of Region 1 comprise the closed outline of the cavity. The regidhas the
Filled property so the region number is assigned to all enclosed nodesl an
elements. This region will have the properties of vacuum in thWaveSim
calculation. Region 2 (a small square) is a drive-current remn required
for resonant-cavity calculations. This lled vacuum region wl have an RF
current density of arbitrary amplitude to initiate the mode. Region 3 consists
of a single vector that extends along the axis. This region witle used to set
nodes to the xed conditionrH =0:0.

Before we generate &esh geometry script from the drawing, we shall
add a region. The intent is to assign region number 4 to nodes dmet physical
cavity boundary (excluding the axis). This identi cation will be used for a
calculation of resistive wall losses. Pick the commartdit/Copy region. To
select Region 1, move the mouse inside the drawing close to a veco the
region. When you click the left button, Mesh highlights all vectors that
constitute the boundary. The program then prompts for two paits that
de ne a displacement for the copied region. We want no displacent, so

11



Figure 4: WALKTHRNMample { Region 4 with on-axis vector removed.

click the left button twice with the mouse in the same position. Tie display
is updated and the list on the right-hand side of the screen showlsat a new
region has been added. To work on the region, return to tHeettings/Region
properties dialog. Assign the nameDiagnostic to Region 4. Also, check the
Locked attribute for Regions 0, 1, 2 and 3 and uncheck th¥isible attribute.
Click OK to exit the dialog. The display shows only the blue outline of
Region 4 (Fig. 4).

We need to delete the on-axis vector. Choodedit/delete/vector, move
the mouse close to the axis and click the left button. You can chble that the
operation was successful by comparing the number of vectors iredtons 1
and 4 in the Settings/Region propertiesdialog. To save the modi ed drawing,
use the Drawings/Export DXF le command. To leave the drawing editor
and to create aMesh geometry script, pick theExit command and choose
the option Save

If you did not complete the above procedure, copy the I&VALKTHRU.MIN
from the example directory to continue the demonstration. Inthe main
menu of Mesh, click on the commandFile/Load script (MIN) and choose
WALKTHRU.M@lick the Processcommand. Mesh reads the boundary spec-
i cations, shapes elements to conform to the material divisiand assigns
region numbers to nodes and elements. Choose the commdrfite/Save
mesh (MOU) to create the output le WALKTHRU.M®hkls le will supply
the geometric information for the WaveSim solution. At this point, you

12



Figure 5: WALKTHRNMample { detail of completed mesh.

can experiment with some of the plot capabilities oMesh by clicking on

Plot-repair. Figure 4 shows a detail of the conformal elements near the axi
The box to the right shows region names along with the number elements
(for lled regions) or the number of nodes (for open regions).

2.2 Solution setup

The WaveSim script sets control parameters and assigns physical properties
of materials to the regions. The simplest way to generate a scrig with the
interactive dialog in WaveSim . You can also use a text editor to write a
script, make changes or add advanced directives. Chapter 4 eow the script
format and gives a detailed discussion of commands. This sectiavers the
interactive dialog and gives a brief discussion of options.

Run WaveSim from TC . The screen is initially blank and the status bar
indicates that the program is waiting for input. Note the promnent tools
marked 1, 2 and 3. The notation is a reminder of the three steps in an
electromagnetic solution:

1. Set up program controls and material properties.
2. Generate and solve the nite-element equations.

3. Analyze the solution.

13



Figure 6: Dialog to setWaveSim control parameters and region properties.

To start the rst operation, we must identify the Mesh output le that
de nes the system geometry. Click thel tool or the Setupmenu command.
In the dialog, choose the IeWALKTHRU.M®&veSim loads the information
and displays the dialog of Fig. 6. Note that the grid contains aaw for each
mesh region with a notation of theFill status.

The entries in the Control parameter section of the dialog have the fol-
lowing functions:

SOLUTION MODE Set the type of calculation. There are three op-
tions in WaveSim : 1) Search makes a high-resolution search for the
frequency and eld distribution of a resonant electromagneti mode
in a closed system, 25can excites a closed system over a broad fre-
guency range to search for resonance conditions and3)atter excites
an open system at a speci c frequency to calculate scattered dlec
magnetic waves. FollowingSearch and Scan calculations, WaveSim
creates a le of eld values at all points in the solution volune.

SOLUTION TYPE Choose the eld polarization,E or H. For an E

type solution in planar geometry, the electric eld points abng z and

there areH, and Hy components of magnetic eld intensity. Table 2
summarizes the full set of options.

GEOMETRY The symmetry of the solution: planar or cylindrical. A
planar solution applies to a system with variations irx-y and in nite
length in z, while a cylindrical system has symmetry in .

14



Table 2: Options for two-dimensional solutions, showing the prmary and
secondary eld quantities.

| Type | Symmetry | Primary | Secondary |
E Planar E; Hy; Hy
E Cylindrical re H,:H,
H Planar H, Ex;Ey
H Cylindrical rH E,; E,

DUNIT. Set a factor to convert the units used for coordinates in the
Mesh le to meters. The value is the number of mesh units per meter:
39.37 for inches, 100.0 for cm.

FREQUENCYor FREQ LOW The function of the dialog eld depends
on the setting of the solution type. In theSearchmode, enter the lower
limit of the search range in Hz. In theScan mode, the value equals
the lower limit for the frequency scan. Finally, in theScatter mode

the value equals the frequency of electromagnetic waves geated by

sources or drives.

FREQ HIGHThis eld is inactive in the Scatter mode. Enter the upper
frequency limit in Hz for the Searchor Scan mode.

NSTEPS This eld is inactive in the Scatter mode. In the Search
mode the value equals the number of steps in the iterative sehrtor
a resonant mode. Higher values give better accuracy at the exyse of
a longer run time. In the Scan mode the value equals the number of
frequency intervals in the scan.

PROBEX/Z and PROBEY/R The elds are active for the Searchand
Scanmodes. The values give the point in the solution volume to sample
elds. Enter values in units set byDUnit . In the Searchmode, changes
in the probe response with frequency are used to identify a resome.
In the Scan mode, probe values at di erent frequencies are reported in
the listing le WPREFIX.WLS

The entries in the column options of the region grid box detemine the
physical properties of the corresponding region. The rst thre columns
show the region number, the name assigned Mesh and the Fill status.
Entries in the next two columns de ne the relative dielectrt constant , and
magnetic permeability , of a material region. De ne a lossy material by
entering complex values. The elds accept either one real niorar or two

15



real numbers separated by any of the standard delimiters. Hereeasome
examples

Vacuum or air: , =1:0, , =1:0.
Ideal dielectric: , =81:0, , =1:0.

Lossy dielectric or material with non-zero conductivity: , = (5:0; 26.7),
r =1:0.

Lossy magnetic material: : , =1:0, , =(25:0;0:92).

The four check boxes on the right-hand side signal special propes for
WaveSim solutions:

Re ect . The primary eld at nodes of the region has the xed value
[0:0;0:0]. The re ection condition represents a metal surface (short-
circuit boundary) for E type solutions and an ideal open non-radiating
boundary (open-circuit) for H type solutions.

Void . This condition is the inverse of theRe ect condition. A void

represents a metal wall forH type solutions and an open-circuit for
E type solutions. All unspeci ed external boundaries of the solutin

volume automatically assume thé/oid condition.

Drive . The primary eld quantity at nodes of the region has a xed
complex value. If theDrive box is checked, you must enter values for
the amplitude and phase of the primary eld value in the sixth anl
seventh columns. Enter the phase in degrees and the amplitudetire
following units: E, (V/m), rE (V), H, (A/m)or rH (A).

Source. The region has a current density to generate electromagneti
radiation. If the Source box is checked, you must enter values for the
amplitude and phase of the current in the sixth and seventh coluns.
Depending on the eld type and symmetry, enter amplitude valas
for the following quantities: (E type, planar) j, in A/m?, (E type,
cylindrical) rj in A/m, (H type, planar) jx andj, in A/m 2, (H type,
cylindrical) rj, and rj, in A. An addition parameter is required for
H type solutions, the direction of the current in thex-y or z-r plane.
The WaveSim dialog sets a default value for the angle = 0° (aligned
along x or z). You can change the value in the scripOt with a text
editor. Note that you can also specify values of and , for a source
region. The defaultis , =1:0and , =1:0.

16



To continue, Il the dialog entries with the values shown in Fg. 6. We
seek the TMy;o mode of the cylindrical cavity, anH type solution with eld
componentsrH , E, and E,. The rst calculation is a scan over a broad
frequency range to nd the approximate location of the resoma mode by
observing zero crossings of the probe signal. The cavity has artesuradius
Ro = 0:05 m. An upper limit on the frequency of the TM;0 mode is:

2:40%
2R, 1)
or f =2:3 GHz. The re-entrant beam tube adds capacitance near the axis
and lowers the frequency. As an initial guess we shall use the ranh2 to 2.0
GHz. The cavity response is calculated at 31 evenly-spaced vaumver the
frequency interval. Zero-crossings of the probe signal indiearesonances.
For good sensitivity, the probe is located in the vacuum regioat a position
where the primary eld (rH ) has a high value.

The values in the grid eld assign the following physical propdies to the
regions:

f =

Region 1. Vacuum with , =1:0and , =1:0.

Region 2 . A vacuum region with a source current density aligned along
z to generate the eld componentE,. The amplitude isrj , =1:0 A/m
and the phase is 0.2 (Note that the source amplitude is arbitrary in
resonant-cavity calculations with no losses.)

Region 3. The boundary conditionrH = 0:0 on the axis.

Region 4. A diagnostic line of nodes along the cavity wall with the
properties of vacuum.

When entries are complete, cliclOK and save the le asWALKTHRU.WIN

2.3 Running and analyzing the scan solution

In the main WaveSim menu, click the commandSolve/Run and choose the
input le WALKTHRU.WITthe program loads the input data les, sets up
node equations and carries out a series of sparse matrix inversido nd
complex values ofH at all nodes. The scan may take several minutes { the
status bar shows the progress of the calculations. When the runaemplete,
click on the commandFile/Edit listing (WLS) and chooseWALKTHRU.WLS
The le contains a listing of the probe response (shown in Table 3t 31
frequencies (30 uniform intervals). Figure 7 shows a plot of ¢hreal part of
the probe response. The zero crossing near 1.5 GHz indicates thesence
of a resonance. Close the editor to continue.
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Table 3: Results of the frequency scan WALKTHRKample

--- Frequency Scan ---

NStep:
FreqLow:
FregHigh:
ProbeX:
ProbeY:

30
1.200000E+09
2.000000E+09
2.510869E+00
4.800000E+00

NStep

Frequency

1.200000E+09
1.226667E+09
1.253333E+09
1.280000E+09
1.306667E+09
1.333333E+09
1.360000E+09
1.386667E+09
1.413333E+09
1.440000E+09
1.466667E+09
1.493333E+09
1.520000E+09
1.546667E+09
1.573333E+09
1.600000E+09
1.626667E+09
1.653333E+09
1.680000E+09
1.706667E+09
1.733333E+09
1.760000E+09
1.786667E+09
1.813333E+09
1.840000E+09
1.866667E+09
1.893333E+09
1.920000E+09
1.946667E+09
1.973333E+09
2.000000E+09

Probe(Real)

7.733434E-04
8.492374E-04
9.425691E-04
1.060607E-03
1.214461E-03
1.423041E-03
1.720786E-03
2.183340E-03
2.991458E-03
4.769071E-03
1.192175E-02
-2.353390E-02
-5.901643E-03
-3.362803E-03
-2.349347E-03
-1.803289E-03
-1.462793E-03
-1.229809E-03
-1.060601E-03
-9.322275E-04
-8.315093E-04
-7.502444E-04
-6.836829E-04
-6.279686E-04
-5.807320E-04
-5.401655E-04
-5.050357E-04
-4.742479E-04
-4.471136E-04
-4.230709E-04
-4.015633E-04
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Probe(IMag)

Probe(Mag)

0.000000E+0Q0
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

7.733434E-04
8.492374E-04
9.425691E-04
1.060607E-03
1.214461E-03
1.423041E-03
1.720786E-03
2.183340E-03
2.991458E-03
4.769071E-03
1.192175E-02
2.353390E-02
5.901643E-03
3.362803E-03
2.349347E-03
1.803289E-03
1.462793E-03
1.229809E-03
1.060601E-03
9.322275E-04
8.315093E-04
7.502444E-04
6.836829E-04
6.279686E-04
5.807320E-04
5.401655E-04
5.050357E-04
4.742479E-04
4.471136E-04
4.230709E-04
4.015633E-04



Figure 7: Probe response versus frequency for tiéALKTHRKample.

2.4 Setting up the resonant mode calculation

Based on the information from the scan, we shall search for the fdamental
cavity resonance in the frequency interval 1.45 to 1.55 GHz. Augtk way to
set up the run is to use the internal program editor to make smallhanges
in the WaveSim script. Choose the commandrile/Edit script (WIN) and
load WALKTHRU.\WNte how the information entered in the dialog has been
encoded in a permanent text record. Make the following chaes:

1. Replicate (copy and paste) the lines beginning witMode, Range and
FStep

2. Deactivate the original lines by turning them into commets (add an
asterisk at the beginning).

3. In the new lines, set the mode t&earch the range to 145 10° f
1:55 1 and the number of frequency steps to 7.

4. Save the le and exit the editor.

The nal script should look like the example in Table 4. Note thatthe order
of the commands is not important { WaveSim reads and stores the full
content of the script before beginning operations.
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Table 4: Modifed script WALKTHRU.WIN

Mesh = walkthru

Geometry = Cylin

DUnit = 1.0000E+02

Solution = H

Mode = Search

Range = 1.4500E+09 1.5500E+09
FStep = 7

Probe = 2.5000E+00 4.8000E+00
* Mode = Scan

* Range = 1.2000E+09 2.0000E+09
* FStep = 30

* Region 1: CAVVOLUME

Epsi(1l) = 1.0000E+00 0.0000E+00
Mu(l) = 1.0000E+00 0.0000E+00
* Region 2: SOURCE

Source(2) = 1.0000E+00 0.000 0.0
* Region 3: AXIS
Reflect(3)

* Region 4: DIAGNOSTIC

Epsi(4) = 1.0000E+00 0.0000E+00
Mu(4) = 1.0000E+00 0.0000E+00
EndFile
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Start the second solution using theProcess command. The resonance
search takes less than a minute. The modi ed listing le has theollowing
entry:

--- Response at frequency interval boundaries ---
Frequency (low): 1.450000E+09
Response (low):  1.624939E+02
Frequency (high):  1.550000E+09
Response (high): -3.134437E+02

Iteration: 1  Frequency: 1.484142E+09 Response: 1.280748E +00
Iteration: 2  Frequency: 1.484412E+09 Response: -9.944601 E-02
Iteration: 3  Frequency: 1.484374E+09 Response: 1.367313E -01
Resonance search successful.

Final frequency: 1.484412E+09

Writing data to file walkthru.WOU

In this run, WaveSim identi ed the fundamental mode frequency as 1.4847
GHz and created an output le of eld values at that frequency.As shown in
the list extract, the program rst calculates the probe responsat the ends
of the frequency range to ensure that there is a positive/negae transition.

If the condition is met, WaveSim seeks a zero in the probe signal. The
probe method is more versatile than a direct solution for the genvalues of
the nite-element node matrix. Using the method, WaveSim can locate
resonances in structures with material losses.

2.5 Plotting and analyzing the solution

Click on the "3" tool or the Analyze menu command. In the dialog, pick the
le WALKTHRU.WUO1i¢ program loads the data and displays the default plot
of electric eld lines shown in Fig. 8. Contours ofH are separated by equal
intervals of magnetic- eld ux; therefore, the spacing is lager near the axis.

We shall perform two tasks:

Plot the magnitude and direction of the electric eld near the beam
gap for a given amplitude of deceleration eld.

Determine the Q value for an ideal copper cavity.

In the Searchmode, the magnitude of eld values is arbitrary. To begin,
we shall normalize the solution so that it has a desired peak deegdtion eld.
Click on Analyze/Analysis settings/Scan plot quantityand choosgE,jpeak
Next, chooseAnalysis/Line scan and move the mouse pointer into the plot
area. Note that the cursor changes to a cross-hair pattern. Obseérg the
coordinates listed in the status bar at the bottom of the screennove the
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Figure 8: Electric eld lines separated by equal intervals ofmagnetic eld
intensity ux { WALKTHRKMample.

pointer to a position near the point ¢ = 1.5;r = 0:0) and click the left
mouse button. Then move the mouse to the positiore(= +1 :5;r = 0:0) and
click again. WaveSim calculates a sequence of values|&,j amplitude and
displays the results (Fig. 9). The peak eld shown in the gure i3:901 10°
V/m. (Note that the relative value may not be the same on your compter
because of di erences in mathematics coprocessors). We shallmalize the
solution so that the peak electric eld is 75 1 V/m. Exit the scan
plot menu by clicking Return and choose the command\nalysis/Analysis
settings/Renormalize elds Enter the value (75 10°)=(3:901 1(°) = 19:23
in the box and click OK. WaveSim multiplies all values of rH by the
normalization factor. Use theFile/Save solution le command to create a
le WALKTHRUNORMWNOthe modi ed values.

To create the eld plot, click on the commandPlot/Plot settings/Type and
choose the optiorVector. WaveSim automatically changes the plot quantity
to jEjpeak(peak value of EZ+ E?). Initially, the plot has color-coded eld
information but no vectors. The reason is that the instantaneas electric
eld at all positions equals 0.0 at the default reference phasef = 0:0°.
Click on the commandAnalysis/Analysis settings/Reference phasand set

=90:0°. You can use theZoom tool to create the plot of Fig. 10.

22



Figure 9: Line scan ofE,jpeakalong the axis fromz= 15cmtoz=+1:5
cm { WALKTHRKMample.

Figure 10: Electric eld magnitude and direction near the deeleration gap
{ normalized exampleWALKTHRUNORM
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To conclude, we shall calculate the quality factor for the caty using
automatic analysis features ofWaveSim . Click on File/Run script and
chooseWALKTHRU.SCQRe script has the contents:

INPUT WALKTHRUNORM.WOU
OUTPUT WALKTHRUNORM
VOLUMEINT

ENDFILE

The script loads the normalized solution le, opens a data le wh the name
WALKTHRUNORMaDATecords the results of a volume analysis. To see the
results, click onFile/Close data record and then view WALKTHRUNORMIDAT
the internal editor. Table 5 shows the results of the analysis.

At the chosen eld normalization, the electromagnetic energinside the
cavity is U =3:292 10 3 joules. The other quantity to nd the Q-factor is
the following integral taken over the surface of Region 4:

zZ z

ds HZ=2: (2)
S

In the equation Hy is the amplitude of the component of magnetic eld in-
tensity parallel to the wall. The calculated value is 244 10 A?. Following
S. Ramo, J. Whinnery and T. Van Duzer Field and Waves in Communi-
cation Electronics (Wiley, New York, 1965), Sect. 5.15, the time-averaged
power lost to walls is:
z z
P=Rs . ds HZ=2; (3)

whereRg is the surface resistivity. For copper, this quantity is given

q —

Rs=261 107" f ( =m): (4)
The surface resistivity iSRs = 1:006 10 2 at f = 1:485 GHz, so that the
average power loss iB = 2:458 10° W. Using the formula

2f U

Q - P ’ (5)
we nd that the quality factor for ideal copper walls is Q = 15;520. In
practice, the quality factor may be lower because of imperfiesurface nish
on the cavity walls.
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Table 5: Volume integrals for theWALKTHRMample

--- Volume Integrals ---
Volume:  3.558E-04 m3
Field energy:  3.292E-03 J
Volume power dissipation:  0.000E+00 W
EMax: 1.297E+07 V/m

Z: 2.503E+00, R: 9.629E-01
HMax: 8.232E+03 V/m

Z: 5.881E-01, R: 1.530E+00

Integrals by region
NReg Volume Energy Power
(m3) ) (W)

1 3.554E-04 3.273E-03 0.000E+00
2 3.267E-07 1.930E-05 0.000E+00

--- Line Integrals over Line Regions ---

NReg Int(Hp"2/2)
(A"2)

3 0.000E+00

4 2.444E+05
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3 Electromagnetic theory in WaveSim

This chapter reviews some basic electromagnetic theory and soarizes the
numerical methods employed inWaveSim . Section 3.1 lists the form of
the Maxwell equations used in the program. Sections 3.2 and33review
the nature of plane waves and re ection at boundaries. The ne-element
form of the Maxwell equations on a conformal triangular mestsidiscussed in
Sect.3.4. It is not necessary for you to understand all details the complex
expressions. The main purpose is to introduce the organizatiohraodes and
the primary and secondary quantities in numerical solutions. &gtion 3.5 cov-
ers an important application of re ection conditions, the denition of ideal
absorbing boundaries to approximate free-space conditionseciion 3.6 dis-
cusses how complex values of dielectric constant and magnetermeability
represent material energy losses and the application to absarhi bound-
aries in WaveSim . Sections 3.7 and 3.8 discuss some properties of reso-
nant structures and methods applied inWaveSim to determine resonant
frequencies. Section 3.9 covers procedures to determine polsses in and
Q factors of resonators. Finally, Sect. 3.10 discusses scatteringusons and
the distributed source method to separate small scattered signdimm an
incident-wave background.

3.1 Electromagnetic equations

WaveSim applies the following form of the Maxwell equations:

roH= T ©
r H=0; (7)
_ @

r E= @t (8)
r E=0: 9)

The magnetic eld intensity is related to the magnetic ux dersity by H =
B= . We assume that the solution volume has no free space-charge. €m
dependent source current densitieg{) may represent drive structures like
coupling loops and capacitive probes. Dielectrics and femagnetic materials
are isotropic and linear. The magnetic permeability and dielectric constant

may be complex quantities. You can represent losses from conduity and
non-ideal material response by assigning imaginary parts. Vakief and
are spatially uniform through a region of the solution volume.

Under the assumption that all current sources vary harmonicallat fre-

guencyf = =2 and that material properties do not depend on the eld
amplitude, all eld quantities vary as:
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F(t) = exp(j't ): (10)
Using Eqg. 10, Egs. 6 and 8 can be expressed as:

r H=j E+jo (11)
r E= jl H: (12)

We can convert Egs. 11 and 12 to a single equation that involveslg H by
taking the curl of 1= times Eq. 11 and substituting forr  E from Eq. 12:

T TR T (13)

A similar equation holds forE:
!

r }r E =I12E jljo (14)

We can simplify the mathematics of two-dimensional solutionsyldividing
waves into two polarization classes:

In planar geometry, E type waves have a single component of electric
eld pointing in the z direction (normal to the derivatives involved in
the curl operations). TheH eld, which must be normal to E, has
componentsHy and Hy. The strategy is to use Eq. 14 to ndE,,
and then to nd Hy and Hy from Eq. 12. For anE type solution in
cylindrical coordinates, we solve Eq. 14 for the quantityE and then
determine magnetic eld component$d, andH, from Eq. 12. We shall
call E; andrE the primary eld components and refer toH,, Hy, H,
and H, as thesecondary eld components.

An H type wave in planar geometry has magnetic eld componeri,
and electric eld componentsEy and E,. In this case, we use Eq. 13
to nd H, and Eq. 11 to nd E, and E,. In a cylindrical solution, the
primary eld component is rH and the secondary components are,
and E;.

A general electromagnetic disturbance may be separated inrfboand H com-

ponents. In practical numerical solutions, we normally seek a gjle solution
type determined by the nature of the physical system.
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3.2 Properties of plane electromagnetic waves

Consider wave propagation in a uniform medium without sourcesnd with
no dissipation (.e., and are uniform and real). In this limit, Eq. 14 has
the form:

r’E+12 E=0: (15)

We seek plane wave solutions to Eq. 15 where quantities vary piih z. The
condition that r E = 0 implies that there is no componentE,. We choose
a coordinate system with the electric eld alongx, so that

E
C?.D%)(+!2EX:O: (16)
The function
Ex(z;t) = Eoexpf ('t kz)]; (17)

is a general solution of Eq. 16 if

k= 1P~ (18)

Equation 17 represents a traveling wave, a harmonic functioof space
that moves in the positive or negativez direction. The spatial wavelength is
= 2 /k and the velocity of a point of constant phase is

! 1
Vphase = M = p= (29)

The phase velocity depends on the properties of the medium. imcuum
where = gand = ¢, the phase velocity equals the speed of light,
c=2:997925 1C° m/s.

Equation 11 implies that there is also a magnetic intensity ass@ated with
the wave that is normal to both the electric eld and the diret¢ion of wave
propagation. For negativek (wave propagation in the positivez direction),
the relationship is

Hy = !J%E*Z: !kEX = Exe%: (20)
The cross-productE H points in the direction of propagation. Noting that
the dimension of E is V/im and H, is A/m, the quantity in the denominator
on the right hand side of Eg. 20 has units of ohms. This quantitysicalled
the impedanceof the medium:

Z= - (21)



Figure 11: Traveling wave incident on a boundary between medwith dif-
ferent impedances.

The impedance is complex if or have complex valuesi(e., material
losses). In vacuum, the value is
S
Zo= —2=3773 : (22)
0
Note that could have derived an equation for i similar to Eq. 15 and then
calculated E;. In one-dimensional solutions, both choices lead to the same
results.

3.3 Re ection of plane electromagnetic waves

Consider a wave traveling in the positivez direction incident on a plane
boundary at z = 0:0 between two media. Figure 11 shows the labeling
conventions. The incident wave generates a re ected wave t&ing backward
in Material 1 and a transmitted wave moving forward in Materid 2. We
denote the electric- eld amplitudes in the incident, re e¢ed and transmitting
waves asEj, E, and E;. The electric eld is continuous across the boundary:

Exi + Exr = Ext: (23)

The common factor of exgft ] has been suppressed in Eg. 23. The mag-
netic eld parallel to the interface, must also be continuous. Terefore the
amplitudes are related by
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Note the minus sign in Eq. 24. A re ected wave traveling in the z direction
with positive Ey, has negativeH,,. Substituting from Eq. 21, we can rewrite
Eq. 24 as

1 1
2I(Eﬂ Ex)= Z;En: (25)

Combining Egs. 23 and 25, we nd re ection and transmission coe &nts
for the electric eld and magnetic intensity in terms of the inpedances of the
two media:

Exr ZZ Zl
Rg = = - 26
" T Eq  Zy+ Zy (26)
Ext 222
Te = = : 27
" T Ed  Z3+ 74 7)
and
H Z, Z
Ry = - = 5-—=2 28
"THy T vz (29)
Hye 27,
Th=—>= : 29
" T 7t 7 (29)

Note that conditions of Egs. 27 and 29 are independent of frequsy.

Consider a wave incident on a material with low impedance §Z Z;)
such as a dielectric with high .. The short circuit boundary condition gives
total re ection of the wave with inversion of the electric eld. At the other
extreme, theopen circuit condition is Z,  Z;. The pulse is again totally
re ected but with positive electric eld and inverted magnetc intensity. The
cancellation of H near the interface is analogous to the condition of zero
current at an open circuit. The special case where,Z= Z, is called an
impedance match Here the boundary has no e ect and the wave is totally
transmitted. Section 3.5 describes how to de ne absorbing bodaries in
numerical solutions.

3.4 Electromagnetics on a conformal triangular mesh

To carry out a eld solution on a digital computer we must conver the

governing partial di erential equation to a set of coupled Inear equations
(Sect. 1.3). This section reviews the method to convert Egs. Ead 14 using
nite-element techniques applied on the structured conforiad mesh shown in
Fig.12. Each node is surrounded by six elements. The nite-elent method
is based on the following conditions:
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Figure 12: Relative numbering of nodes and elements in the sttured,
conformal triangular mesh. The dashed line passes through thedpboints of
facets and the centers-of-mass of elements.

The values of and are uniform over the cross-section area of an
element.

The variation of the primary eld quantity over an element can be
represented by a linear interpolation function that dependsn the eld
values at the three nodes.

Instead of requiring that the governing equation holds at e&cpoint
in the solution space, we apply the less-restrictive condition #t the
integral of the equation holds over a nite region surroundig a node.

The dashed line in Fig. 12 shows the region of the surface intebed a
node. The integral extends over one-third of the area of thexssurrounding
triangles. Details of the calculation are described in S. Humpies, Field
Solutions on Computers (CRC Press, Boca Raton, 1997), Chap. 14. In
this section, we quote the results without proof. There is no el to study
the equations { they are listed for reference in the followingections on
computational techniques.
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E type pulse, planar geometry

The equation for the primary eld quantity E, at a node is:
" #

X6
E;iW,  Ez Wi A =S (30)
i=1 i=1
where
1" #
W=t COt pir1 N Cot ; (31)
2 i+1 i
¥ .4
Ai=12 Iaii (32)
i=1 3
and
X Ja
SENT (33)

i=1
The quantity E,q is the primary eld at the node and the quantities E;;
represent eld values at surrounding nodes. The other quantis refer to
the six surrounding elements: ; (angle shown in Fig. 12), i (complex di-
electric constant), ; (complex magnetic permeability),J; (source current
density in the z direction) and a (area of the triangle). Equation 30 repre-
sents a set of complex-number equations, one for each node in fudution
volume. WaveSim solves the equations by direct sparse-matrix inversion
to nd E,;. The secondary eld quantities are determined from numerida
spatial derivatives of the primary quantity:

j @F
Hy= L 2E. 4
" oy (34)
Hy = !‘@;(: (35)

One implication of Egs. 34 and 35 is that contour lines of xedE, lie along
vector lines ofH in the x-y plane.

E type pulse, cylindrical geometry

The equation for the primary eld quantity (rE ) at a node is:
X6 % #
(FED)Wi (fEo) Wi A =S, (36)

i=1 i=1
where
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" #
_ 1 cot pis1 + cot p;

W, = = : 37
' 2 iaRin iR 37)
X6 8y
=12 1.
A = R (38)
and
X6 i
So = j! . 39

In the equations,R; is the average radial position of the element and, = Jjr.
In WaveSim the quantity ; is assumed to have a xed value over a region.
The secondary eld quantities are given by:

_ J @),
= @r (40)
_ ] @eE),.

H, = ez (41)

Equations 40 and 41 imply that contour lines ofE lie along vector lines of
H in the z-r plane.

H type pulse, planar geometry
The primary eld quantity H, at a node is given by

6 6 #
HziV\/i |_|zo VVi Ai = So: (42)
i=1 i=1
where
: #
2 i+1 i
¥ 4
A =12 4. (44)
i=1 3
and
X J, .
So= go[cosi(xi xig)+sin i(yi v ool (45)
i=1 |

In Eq. 45, the quantity ; gives the direction of source current in thex-y
plane relative to thex axis, and the quantities ;;y;) are the coordinates of
surrounding nodes. The secondary eld quantities are given by
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i @H

Ex = T @y"’ Jox
B @H i
_ .
H type pulse, cylindrical geometry
The primary eld quantity rH at a node is given by
6 % #
(rtHOWi (Ho Wi Al = S, (47)
i=1 i=1
where
1" t t #
COU p;i+1 COL ;i
W= = : + =, 48
2 iR iR (48)
X a
Ai=17 — 49
| i-1 SR (49)
and
X Oi .
So = [cos i(z z 1)+sin i(r;i 1y 1)]: (50)
i=1 2R

In EQ. 45, o, = rjo; and o = rjo. The convention of specifying in
WaveSim ensures conservation of current for radial ow. The quantity ;
gives the direction of source current in the-r plane relative to the z axis
and the quantities (z;;r;) are the coordinates of surrounding nodes. The
secondary eld components are given by

i oamH),

Ez = I'r ) @I’ 0z #; (51)
' H
Ey = # @r@z) + o (52)

3.5 Absorbing boundary

In the discussion of wave re ection in Sect. 3.3, the special casbaveZ; =
Z, is an impedance match Here the boundary has no e ect and the wave
is totally transmitted. A related solution that is important f or numerical
calculations is the termination of a wave by a lumped elemengsistor. Figure
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Figure 13: Traveling wave incident on a matched resistive lage

shows the geometry. We introduce a resistive layer with condueity and
thickness adjacent to an open circuit boundary of a materialwith and

Assume that the layer has the same values of dielectric constanbch
magnetic permeability as the adjacent material. In this casehe layer has
complex dielectric constant[ =! ], where! is the angular frequency of the
wave. In the limit that , the electric eld is approximately uniform
over the layer depth. There is no re ected wave if the resistor aintains the
same conditions on k£ and H, as an in nite extension of the medium. We
can derive the correct value of by noting that the eld E , creates a linear
current density of

Jy=( ) Ex: (53)

The quantity 1/  (with units of ohms) is called the surface resistanceof

the termination layer. Assuming zero magnetic eld on the righthand side of
the resistor, the value of magnetic intensity on the left-hand de isHy = J;.

Substituting in Eq. 20 gives the condition for a matched ternmation,

Zo= —= (54)

The above derivation is valid for a wave normally incident o thin layer
(Fig. 14a). Here, the propagation vector of the wave makes an angle= 90°
with respect to the layer surface. For optimum performance, waust modify
the conductivity if the wave arrives at an angle < 9C°. In this case, the
e ective layer thickness is =sin , reducing the surface resistance by a factor
of sin . In this case the termination is under-matched. Applying Eq. 2, the
re ection coe cient for the electric eld is
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Figure 14: Absorbing boundary for two-dimensional solutionsa) Normal
incidence, =90°. b) Increase in e ective layer thickness for < 9C°.

Er 1 sin

Eo  1+sin
The degradation in performance is not severe. A matched layabsorbs more
than 90 per cent of the incident wave energy over the range 30 9.

The best way to ensure good absorption is to construct the solutiorol-

ume so that waves arrive close to normal incidence. For exampie a free-
space planar scattering problem, the termination layer shoulde a cylindrical
shell with center at the scattering object. If oblique waves a&runavoidable,
the performance of the absorption layer can be optimized by pting the
conductivity. Figure 14b shows that if a wave is incident at angle, then the
e ective thickness of the layer increases. We can compensate thect by
setting the layer conductivity equal to

(55)

= ﬁs'r% (56)

3.6 Energy loss in materials

Material responses at high frequency may lag behind the drivgn elds. In
this case, the elds created by shifts of dielectric charge oeorientation of
magnetic domains may not be in phase with applied elds. This prcess
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Figure 15: Real and imaginary parts of the relative dielecdir constant of pu-
ri ed water as a function of frequency. (Adapted from J.B. Halsead, Liquid
Water { Dielectric Properties in Water { a Comprehensive Treatise , F.
Franks, ed., Plenum, New York, 1972).

leads to energy losses in the material. We can represent phaseetdences
with complex values of dielectric constant and magnetic persability. The
standard notation is

= % (57)
= %+ @ (58)

As an illustration, Fig. 15 shows the variation of & ¢ and °% g in puri ed
water. At low frequency the medium is an ideal dielectric wit ©, =81. At
high frequency inertial e ects in the reorientation of pola molecules causes
a drop in the real part of the dielectric constant and increasm losses.
Poynting's theorem describes conservation of electromagite¢nergy ow,

@ @

@t+ H @t+ E J. (59)
Equation 59 is derived in most introductory texts, such D.K. Chag, Field
and Wave Electromagnetics, Second Edition (Addison-Wesley, Read-
ing, 1992), 38. The quantity in parenthesis on the left-hand de is the
Poynting vector, equal to the ux of electromagnetic power. Quantities on
the right-hand side are volumetric power losses. The quantity. in the last

term is the conductive current driven in resistive materials. Asrisks denote

r (E H)=E
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complex conjugates. Assuming a harmonic eld variation and substiting
E=E, +]E;,H=H, +]H;, the right hand side of Eq. 59 becomes

o LAEZ+ ED+ (HE+ HY)
| 2
| N(EP+ED) L (HPHHD+ (EP+ ED): (60)

The eld quantities in Eq. 60 represent time averages. The rst érm
is the time derivative of the total eld energy. The remainirg three terms
represent power loss in materials. In the electric eld terms wean combine
contributions of material response and resistivity into a singlexpression for
the complex part of dielectric constant,

e T (61)

We can apply Eq. 60 to determine the properties on an ideal abting layer
for a two-dimensionalWaveSim solution. Consider rst an E type solution
where a plane wave moves from a non-absorbing medium (Matérig into
an absorbing layer material of thickness z (Material 2). Using Eq. 20
and to evaluating the Poynting vector, the power per unit ara entering the
later ic? Z,(E2+ E?). The characteristic impedance of Medium 1 is given by
Z = 9= 9. If we express dissipation in the layer with a complex dielectri

constant, the power absorbed per unit area is given by -{E2 + E?) z.
The condition for total absorption of E waves is

n 1

2 = Va ) Z: (62)
The real parts of the material properties for Medium 2 are mahed to those
of Medium 1, 3= %and 9= 9. The procedure forH type waves is to use

a complex magnetic permeability. The condition for perfecabsorption is

Z;

1z

To summarize, use the following procedure to include an absangibound-
ary in a WaveSim solution:

2 =

(63)

During mesh generation, be sure to include an extra material g@n
of uniform thickness along an absorbing boundary. To ensure tht
the condition is satis ed, the layer should be only a single-
element thick. The outer surface of the termination layer shdd have
an unspeci ed (open-circuit) boundary.
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Table 6: Termination layer material properties

| Type | CondMode | 7' S | 2 S
E O 1 1/Y Zq o 7' 0
H O 1 0 1 Z,=! 0
E On 1 -1/ Z1io 7' 0
H On 1I 0 1I Z]_= 0

Calculate the characteristic impedance of ttae non-absorbingedium
adjacent to the termination layer,Z; =377:3  9=9, where ¢ and ¢
are the real parts of the relative magnetic permeability andlielectric
constant.

Assign the values shown in Table 6 for the real and imaginary parts
of the relative dielectric constant and magnetic permeabili in the
termination layer.

Note that the method is exible. You can also create boundariewith ca-
pacitive or inductive properties.

3.7 Basic properties of resonators

Resonators are closed systems with trapped traveling waves. Gart values
of frequency give constructive interference, resulting in ¢in eld values for
relatively weak excitation. One strategy to nd resonant mods is to set up
frequency-domain solutions at several frequencies, looking tharacteristic
signs of resonance. This section treats simple one-dimensionasanators.
Application of the techniques to two and three-dimensional systns are dis-
cussed in the following section.

Figure 16 shows the simplest one-dimensional resonator, a vacutegion
between two metal boundaries separated by a distante The boundary con-
dition for E type waves isE,(0) = E4(L) = 0. The condition for constructive
interference of traveling waves with wavelength is

= ZrI]'; n=1;23;:: (64)
The wavelength is related to frequency by = c=f. For L = 1 m the
frequencies of the rst three modes aré = 149:8962 MHz, 299.7925 MHz
and 449.6887 MHz. Figure 16 shows the corresponding variatiafdE,. The
gure also illustrates a common method to excite arE type mode, a drive
current near the expected location of maximum magnetic eldTo check for
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Figure 16: Lower orderE wave modes of a one-dimensional vacuum res-
onator. For L =1 m, the predicted resonant frequencies arg; = 149:8962
MHz, f, = 299:7925 MHz andf ; = 449:6887 MHz.
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Figure 17: Driven LCR resonant circuit.

a resonance, we sweep the drive through a range of frequencied monitor
the signal on a probe near the point of maximum electric eld. e probe
response rises sharply near the resonant frequency.

We can understand some features of resonance response by studyirg t
behavior of the circuit shown in Fig. 17. The circuit is a lumpd-element
model for the lowest frequencye wave mode. Here, the capacitive energy
(electric eld) is highest near the center of the cavity and tle inductive
energy (magnetic eld) at the edges. The drive current coupseinto a portion
of the cavity inductance denotedL;. The total system inductance isL =
L.+ L. If a harmonic currentl, is applied at the drive point (with the sign
convention shown) we can nd the drive voltage by calculatinghe complex
circuit impedance. The impedances of the individual circuicomponents are
Zi =L 1,Z2=jlL ,,Z3= R and Z, = 1=IC . The total impedance at
the drive is Z, in parallel with (Z, + Z3 + Z4), so that

Z1(Zo+ Z3+ Z4) i
Zy+ 2o+ Zg+ 24 O
We measure the voltage across the capacitive region of the ¢gvas shown.

The probe voltageV is given in terms ofV, by the law of voltage division,
V = WoZ4=(Z, + Z3+ Z,)). Alternatively, we can write

VO =

(65)

2174 .
V = :
Zo+ 2o+ 23+ 24 ° (66)
Inserting expressions for the component impedances in Eq. 6&eas
. 'L
V=g il 67)

1 12.C +jIRC
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We can generalize Eqg. 67 by expressing it in terms of the circugsonant
frequency! o, the resonator characteristic impedanc&,, the quality factor

Q and the dimensionless frequency =!=! ;. The quantities are given by:
1 9 —-
lo= pﬁ; Zo= L=C; Q= Zo=R: (68)

The parameter Q equals the ratio of stored electromagnetic energy in
the resonator multiplied by ! and divided by the average resistive power
dissipation P:

U
Q= 5
The quantity 2 =Q is the approximate fraction of stored energy lost per
cycle. A practical resonator hag) 1.
Equation 67 takes the form

V =i ZoE [ "=Q+j( * 1)]2
L @ 3+ =]
The resonance condition is that = 1. Figure 18 plots the varidion of
the real and imaginary parts ofV as a function of near resonance. In
the plot the drive current has phase ® (I = [1;0]) and the circuit has
low damping (Q = 250). The imaginary part of the probe voltage has a
sign change at resonance. At this point, the real part of the vizige has
maximum amplitude V, = QZg(L1=L)lo. Substituting =1+ and
making binomial expansions of terms in Eq. 70, we nd that the mplitude
of the real part of V drops to half its maximum value at =1 =2Q. This
implies that the Q factor equals the reciprocal of the frequency di erence
between the half amplitude points.

The above discussion suggests a numerical technique to nd the pe-
ties of damped and undamped resonators. As an example, considew&ve
solutions in the system of Fig. 16. We set up a frequency-domain stbn
with a current source [1,0] in an element near the wall and mdor the real
and imaginary parts ofE, near the expected eld maximum. For the funda-
mental mode g = 1), the best position isz = L=2. The next step is to pick
upper and lower frequencies that bracket the anticipated Wae of resonant
frequency,f, and f 4. Initial solutions are performed to check that the imag-
inary part of the probe response is positive at, and negative atfy. This
condition guarantees that there is a resonance in the rangeul$&equently,
a frequency search for the sign change of the imaginary part ga/the res-
onant frequencyfo =2 ! . Damping of the elds may result from volume
resistivity in the medium, wall resistivity or imperfect materials. To nd the
e ect of dissipation, we can make several solutions neég to determine the

(69)

(70)
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Figure 18: Resonant circuit { variation ofV as a function of near resonance.
Drive current 1o =[1; 0], Q = 250.

frequency spread between the half amplitude points of the repart of the
probe signal. The total quality factor is given byQ = fo=(2jf  fqj).

The plot of Fig. 18 was derived by a numerical solution of the sysin
of Fig. 16 with 250 elements. The predicted frequency of the = 1 mode
is fo = 149:89623 MHz. A uniform conductivity of o was assigned to give
damping. The stored energy density in an element is = (E2=2 and the
time-averaged power loss density is P =(E2. Therefore, the predicted
quality factor is Q = 2 f 3 o= 0. Avalue o = 3:33 10 ® mhos/m gives
Q = 250. Note that the imaginary part of the probe voltage reverse sign
at fo in Fig. 18 and that the full-width at half-maximum of the real part
is 0.6 MHz as expected. Far from the resonance, the probe electeld is
purely imaginary, 9¢ out of phase from the drive current. The sign of the
imaginary part is negative at low frequency implying that syssm acts like
a capacitor. The impedance is imaginary and positive at highrdquency,
implying inductive behavior.

For most applications we want to determine the resonant frequey to
high accuracy. Each point in a search involves a solution of te element
equations. Solutions can be time-consuming in two and threertensional
problems. The implication is that we should seek a method to ndhe
zero-crossing that minimizes the number of steps. Figure d9lustrates the
bisection method The plot shows the imaginary part of the probe signal as a
function of frequency,P;(f ). Initially, the frequency valuesfy and f, de ne
a search range,f[;;f,]. Bisection of the range gives, = (f, + fq4)=2. If
Pi(f1) < 0, we usef;; f,] as the search range; otherwise, the range fg]f 1].
The bisection continues either for a maximum number of steps amtil the
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Figure 19: Numerical determination of zero crossing point of afiction. a)
Bisection method. b) False position method.
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Table 7: Resonant frequency calculation - 250 elements

Mode | f (theory) f (calc) Error
(MHz) (MH2z2)

1 149.89525 149.89623 0.0007%

2 299.78457 299.79246 0.0026%

3 449.66204 449.68869 0.0059%

4 599.52185 599.58492 0.0105%

frequency width of the bisection region drops below a targeteiquency error.
If f isthe target error and fg is the initial range, the maximum number
of steps is

n=1log,( fo= f): (71)

The advantage of the bisection method is that it never fails ta@onverge -
the decreasing intervals always bracket the root. For welldihaved functions,
alternative methods can achieve a target accuracy in feweregts. Figure 19
shows thefalse position methodor root nding. Starting again from points f 4
and f, that bracket the zero crossing, we interpolate the frequencysahown
and calculate the valuef ; and the corresponding probe respondg(f + 1).
We choose the rangef |; f 1] or [f1; f,] that encloses the root and repeat the
interpolation.

The bisection method was used for the baseline calculation ofgFil8
with an initially broad range of f4 = 120 MHz to f, = 180 MHz. The
search converged in 16 steps to the value 149.89496 MHz. The aacy of
1 partin 1:2 10 was limited by the mesh size. Table 13.1 shows predicted
resonant frequencies and numerical results for the rst ve moek of the one-
dimensional resonator. The error is approximately proportizal to the ratio
zl , where zis the element size and , is the mode wavelength.

3.8 Waveguides and resonant cavities

This section reviews resonance calculations in two-dimensarstructures.

The theory applies to the cuto modes of uniform waveguidesr@axisymmet-

ric modes of cylindrical resonators. The procedures followofin the discussion
of the previous section. We excite a cavity at a set of frequersi with a drive

current and sense the response with a probe at the expected positaf max-

imum primary eld. Depending on the mode and the phase of the dre, we

search for a zero crossing of the real or imaginary part of the fre signal
with the correct polarity change.
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To test the method we shall solve for the pillbox cavity of Fig. 20the
simplest cylindrical resonator. The resonant modes are eld sdlans consis-
tent with the wall conditions that E, = 0 and H, = 0. We divide the modes
into two classes, depending on the disposition of eld componentslative
to the z axis. E type solutions forrE with subsidiary eld componentsB,
and B, are calledTE modes H type solutions forrH vyielding E, and E,
are calledTM modes The modes have names of the form T, where
the indices denote the eld characteristics. The indexn designates an az-
imuthal variation of the form exp(jm ). We assume azimuthal symmetry so
that m = 0. The indices n and p indicate the complexity of eld variations
in the r and z directions respectively. Low numbers correspond to simple
variations and generally have low frequencies. The prediderimary eld
variations for TMgn, modes in a pillbox cavity of radiusR and lengthD are
given by

H = Hgy Ji( 1r=R) cosp z=D); (72)
with frequencies
" #
_ 1 PP
fmp = Tﬁi Rfr; + F . (73)

In Eq. 72, the quantity J, is a Bessel function and ; represents zeros of the
Jo Bessel function: | =2:4048, , =5:5201, ; =8:6537, ....

The benchmark geometry of Fig. 20 haR = 0:70 m andD = 0:25 m
with an element size of about 0.01 m. As in the one-dimensional gtbns,
the accuracy increases with smaller elements and decreaseshigher mode
numbers. ForH wave solutions the metal walls are represented by natural
boundary conditions on the left, right and top. The Dirichlé condition
rH = 0 holds on the axis (bottom boundary). For modes of type TMyo,
we expect an electric eldE, concentrated near the axis. These modes are
excited by a small drive region with an axial current ( = 0.0). The probe
is located near the outer radius where we expect the maximunalue ofrH
according to Eq. 72. The numerical result for the TN, mode is 163.919
MHz (accurate to 0.002 per cent). The values are 589.366 MHz ftire
TM o30 mode (0.08 per cent accuracy) and 621.329 MHz for the T™ mode
(0.04 per cent accuracy). Figure 2®shows contours ofH for the TMg;;
mode which lie along electric eld lines.

Figure 21 illustrates a practical calculation for a supercondtting proton
accelerator. The accelerating structure consists of ve cougd cavities {
the simulation of Fig. 21a represents half of the structure with a symmetry
boundary on the right-hand side. The cavities are excited byreaxial current
at 0.0° phase in the small disk-shaped region at the bottom-right. In the
lossless structure, the drive creates purely real values of theamtity rH . A
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Figure 20: Resonant modes in cylindrical cavitiesa) Pillbox geometry. For
H type solutions metal walls are open circuit boundaries anctH = 0 on
axis. Location of drive current and sensing probe shown. Cavitadius: 0.70
m. Cavity length: 0.25 m. b) Contours of rH (electric eld lines) for the
TM1; mode at 621.329 MHz.c) Contours ofrH for the TM ;0 mode in a

klystron cavity.
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probe at the position marked with a circle senses the reciprocaf the real
part of the primary eld, V, = 1=Re(tH ). The resonance search involves
location of the zero crossings of, from positive to negative polarity. The
theory of coupled cavity arrays (see, for instance, S. HumphsgPrinciples
of Charged Particle Acceleration (Wiley, New York, 1986), Sect. 14.3)
shows that a ve-cavity system has ve resonant modes with Ty type
elds at di erent frequencies. The one with the highest frequecy is called
the -mode because the phase of the axial electrical eld reverses 1§Q®
between adjacent cavities. The other modes have di erent vas of phase
shift: 0, /4, /2 and 3 /4. In the simulation of Fig. 21 we expect to detect
only three resonances because thé4 and 3 /4 modes are excluded by the
symmetry boundary. Figure 2b shows a scan of probe output as a function
of frequency. Arrows show the locations of the 0,/2 and modes. The
calculation gives values of 682.60 MHz for the 0 mode, 694.0HKfor the
/2 mode and 701.62 MHz for the mode.

3.9 Power loss in resonant cavities

In this section we shall discuss how to apply Eg. 60 to calculate Rrower de-
position and theQ factors of resonant structures. The procedures to calculate
stored electromagnetic energy and volume power dissipation artriangular
mesh involves scans through elements of the solution volume. Asildustra-
tion, consider anE wave solution in a planar geometry. For each element,
the rst step is to nd the eld components. The amplitude of the primary
eld component is the average of values at the corners of theidngle. If i,

i, andij are the indices of the element vertices, the average valueglo# real
and imaginary parts of the primary eld are

Ezr(in) + Ezr(i2) + Ex(is),
3 !

_ Eai(in) + Eai(i2) + Ezi(is).
3 ;

The subsidiary eld components are given by derivatives of thprimary com-
ponents. For example, the following approximation gives thesal part of Hy:

Ex =

Ezi (74)

er — [Ezr(iZ) Ezr(il)](XS Xl) [Ezr(iS) Ezr(il)](xz Xl): (75)

(Y2 y)(Xs X1) (Ys Yyd(X2 Xi)
Following Eq. 60, the total eld energy in the element per urtilength in z is

" #
(EZ+ E2)+ HE +HZ+HE+HE)

du 7

(76)
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Figure 21. Resonant modes in a proton accelerator structurepupled su-

perconducting cavities.a) Simulation geometry for half of a 5-cavity assem-
bly. Symmetry boundary on the right-hand side, drive currentegion at the

bottom-right. Electric eld lines for the -mode. b) Scan of probe output

as a function of frequency { arrows show the locations of the Gs 2and

modes.
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Figure 22: RF power loss by currents driven in a metal wall.

In Eqg. 76, the quantity A is the element area in thex-y plane and °and °
are the real parts of the dielectric constant and magnetic pereability. The
guantity in brackets is the eld energy density. The additioral factor of 2
in the denominator follows from time averaging of the harmaa functions.
Similarly, the power dissipated in the element per unit lengthn z is

' #
OQEzzr + Ezzi)+ O({Hfr + H)%i + H)?r + H)%)
2

The quantities “and %are the imaginary parts of the element material
properties and! is the angular frequency of the electromagnetic elds. The
guantities in Egs. 76 and 77 can be summed over elements to giveal
energy deposition in regions or used to generate plots of ene@nd power
distributions.

In vacuum cavities for charged particle acceleration powdosses result
mainly from resistive dissipation from currents driven in the mel walls. At
the eld levels required in accelerators power losses may beghieven for
good conductors. Currents driven by high-frequency electraagnetic elds
are con ned to a layer on the surface of metals with thickness eg| to the
skin depth For copper lined cavities in the range 250 to 1000 MHz, the skin
depth is only a few m. Therefore it is impractical to apply the volume
method of Eq. 77. Surface integrals give more accurate result

Consider a small segment of a metal surface shown in Fig. 22. The hdu
ary condition on the surface of a good conductor is that the maetic intensity

dP = |

A; (77)
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is parallel to the surface. We denote the eld amplitude a#i,. Exclusion
of the eld from the volume of the material implies that the suface carries
a linear current density of amplitudeJs = Hy. The surface segment has
dimensions ; along the direction of magnetic intensity and , along the
direction of current. If the metal has volume resistivity , the total resistance
of the segment iR = »= 1 . The time-averaged power deposited in the
segment isR(Js 1)2=2. Dividing by 1 , gives the time-average power per
unit area of the surface,

H¢ _ RHE

P=5"=73

The quantity Rs in Eq. 78 with units of is called the surface resistance It
is given by the expression

(78)

Re = f o (79)

wheref is the RF frequency.

The following procedure is used iWaveSim to nd wall losses. Consider
rst H type solutions where metal walls are open boundaries. Durindpe
mesh generation process we de ne one or more line regions witispeci ed
boundary conditions where we want to evaluate power depositi. After
completing the solution, we identify all line segments of the esh where
both nodes have the target region number. In a planar geomgtrsuppose
the node coordinates of one such segment arg;(y;) and (X»;y,). The power
loss on the segment (per unit length irz) is

q
dp= ;[(H1+ H2)=2F (X2 x1)2+(y2 y1)2 (80)

The expression for a segment with coordinateg,(r,) and (z;;r,) in a cylin-
drical system is

+ q
2(irr) (|’12 "2 (z2 z1)?2+(rz2 1% (81)
The procedure is more involved foE wave solutions. After nding vectors
that lie on lines ofE, =0 or rE =0, we identify the two elements adjacent
to each vector. Because the vector lies on a metal boundary,ethoutine to
calculate magnetic intensity returns valid values only fortte material element
that lies inside the solution volume. It is su cient to take the magnitude
of H in this element because we know that the magnetic intensity musie
parallel to the conducting surface. This value is used in placd the averages
in Egs. 80 or 81.
To illustrate the method, consider calculatingQ factors for TMg;0 modes
in accelerator cavities. Figure 23 shows two 303 MHz cavities. &hrst

dp= Jl(H: + Ho)=2F
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Figure 23: Comparison of the& factors for two 303 MHz accelerators cavities
with the same axial length cavities. Contours ofH , lower boundary is the
z axis. a) Pillbox cavity, outer radius 0.3789 m. b) Cavity with contoured
outer wall, outer radius 0.4000 m.

is a pillbox of lengthd = 0:2 m and radiusR = 0:3789 m. The second
has the same axial length and a rounded outer boundary. We shatid
that this cavity has a higher Q factor; therefore, it consumes less power to
achieve the same accelerating gradient. In the solution, bottavities are
driven by a small current source near the axis. Resonant calculas in
lossless structures give relative eld levels { we can adjust the Istion to
represent any excitation by scaling all values of the primaryeld. For the
pillbox cavity the value of electric eld on axis iSE,(0;z) = Eq = 3:6103 10*
VI/m. The predicted stored energy [see, for instance, J.D. Jackso@Glassical
Electrodynamics (Wiley, New York, 1975), Sect. 8.8] is
" - #
U= R?Z 70 JZ(2:405). (82)

Equation 82 predicts a valueJ = 1:410 10 # J, close to the numerical value
of U = 1:369 10 * J from Eq. 76. The integral ofH2=2 over the metal
surface of the cavity using Eq. 77 equals 1684 ASuppose the inside of the
cavity is lined with high-purity, polished copper with =1:712 10 & -m.
At 303 MHz, the surface resistance iRs = 4:531 10 2 . The product of
the surface resistivity and surface current integral gives a tat power loss of
P = 7:630 W. The quality factor is thereforeQ = 2 fU=P = 34;165. The
analytic formula for the TMg;0 mode in a cylindrical cavity is
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Q= - T A=B ; (83)

where is the skin depth:

= : (84)

At 303 MHz, the skin depth in copper is = 3:778 m. Inserting values in
Eg. 83 givesQ = 35; 290, close to the code value. Slgm{lar calculations for
the rounded cavity of Fig. 23 giveU = 1:080 10 “ J, dA HZ=2 =1211
A? and P = 3:750 W. These gures imply an improved quallty factor of
Q = 37497.

3.10 Techniques for scattering solutions

WaveSim can nd solutions for scattering of electromagnetic radiatio from
objects in free space. There are two requirements to acconsplisuch solu-
tions with a numerical method that uses a bounded computatiai volume:

An absorbing boundary around the volume.

A source inside the volume that creates ideal plane waves buteknot
interfere with the propagation of scattered waves.

The rst requirement is relatively easy. We construct an anechio cham-
ber by surrounding the solution volume with a matched terminaon layer
(Sect. 3.6). The second is more challenging. Fixed eld driveoundaries
inside the solution region may not be used because they re ect staed
waves. Therefore, a complex distribution of internal currensources is neces-
sary. We can determine the optimal spatial distribution of curent with the
distributed source method To appreciate the technique it is informative to
examine rst an unsuccessful approach. Figure 24 shows the georgeihe
intention is to use a planar current layer to generate E wavesaveling to the
right. Waves moving to the left are immediately absorbed in tb adjacent
termination layer. The gure shows the resulting solution for aradiation
wavelength equal to half the box width. The waves approximat traveling
plane waves but are clearly far from ideal. The upper and low&oundaries
cause the problem. The discontinuities of the current sheet ahé top and
bottom give small transverse eld components that re ect at lowincidence
angle from the termination layers. The pattern of Fig. 24 restd from the
interference of these components with the propagating plamneaves.

To achieve perfect plane waves in the presence of an absorbirmyibdary
we must rethink the problem. Rather than try to guess the corraccurrent
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Figure 24: Unsuccessful approach to generate plane waves in amrdcmoic
chamber. Vacuum region surrounded by matched termination yar with a
planar drive current layer at the left. The plot shows lines oH { waves

travel from left to right.
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density distribution, we will work backward starting from the desired wave-
form. To begin, consider an anechoic chamber with an absorbitayer but
no scattering objects. The desired eld variation of arE wave is

E.(xy) = exp[ j(keX + kyY)]: (85)

If kx > 0 and ky = 0, the expression of Eq. 85 represents a traveling wave
with amplitude and wavelength = 2 =k, moving in the +x direction.
Suppose we seek alB wave solution with no sources and a eld of the form
of Eq. 85. Substitution into Eq. 30 gives

X X _
EnW, expl j (keXi + Kyyi)W,

Eol Wi A)+ expl (oot kyd( Wi A)=0:  (86)

Moving the known terms in Eq. 86 to the right-hand side gives

X
EzWi Ezxn( Wi A=
| | 4
X X
expl j(keXi + kyYi)Wi  exp[ j(keXo+ kyYo)( Wi Ai) © (87)
| |
Equation 87 has the same form as Eq. 30 if we view the right-harside
as a source function. Noting that the total eld must be zero, a nmerical
solution of Eq. 87 gives the desired plane wave. The importangdture is
that solutions inside the chamber follow Eq. 85 withabsorbing wall e ects
included
The above discussion suggests the following steps for an ideal seattg
solution.

Set up an anechoic chamber with no scattering objects and calate
the source terms on the right-hand side of Eq. 87 using the standar
subroutines to evaluateW; and A;.

Introduce the scattering objects and include their contribtions to
and when calculating values olW; and A; for the left-hand side of
Eq. 87.

Apply the standard matrix inversion to nd the eld solution with
the sources and scattering objects. To isolate the contributioaf the
scattering objects, subtract the right-hand side of Eqg. 85 fromhte total
eld.
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Figure 25: Scattering solutions using the distributed source ried. a) Ideal
plane E waves created by a distributed sourceb) Total eld in the presence
of a conducting body ( = 10° ;). ¢) Total eld in the presence of a dielectric
body ( =1:5). d) Isolated scattering elds from the dielectric body of part

C.

56



The procedure is implemented automatically inWaveSim . Commands in
the input script list regions corresponding to scattering objés. In the initial
calculation of W; and A; to nd the source terms, the region numbers of the
scattering objects are replaced by that of the uniform backgund medium.

Figure 25 illustrates the procedure folE wave scattering from dielectric
and metal bodies in vacuum. To optimize the performance of éhtermination
layer, we construct a cylindrical anechoic chamber with an @& centered on
the object. Figure 2% shows the ideal plane wave solution with no object
( = o). Figures 2% and c showE, lines for the total solution for a metal
body ( = 10° ;) and a dielectric ( = 1:5). Finally, Figure 25d plots
scattering elds isolated from the solution of Fig. 28.
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4 \WaveSim solution reference

4.1 WaveSim script format

A WaveSim calculation requires a minimum of two input les:

A Mesh output le that describes the conformal triangular mesh. The
le contains node coordinates and the region numbers of elemts and
nodes.

A command script that sets control parameters for the electroagnetic
solution and describes the physical properties associated witegion
numbers.

The mesh le always has a name of the fornMNAME.MQAhere MNAMIS
a valid le pre x (1 to 32 characters). The script must have a nameof
the form WNAME.WIWaveSim issues an error message if both input les
are not available in the working directory. To organize datathe resulting
output les have the namesWNAME.W({Sting) and WNAME.WQdld and
mesh data).

A WaveSim run consists of several steps:

Prepare aMesh input script with a name of the form MNAME.Mifdl-
lowing the instructions in the Mesh manual. You can create thele
directly with a text editor or graphically using the drawing alitor of
Mesh .

Run Mesh either interactively from the TC program launcher or from
the Windows Command Prompt to create the leMNAME.MOU

Prepare a command script (WNAME.WINking the Setup command in
WaveSim or a text editor. The allowed le commands are described
in this section.

Run WaveSim to create listing output and the output le WNAME.WOU
in the Searchand Scatter modes. The output le is in text format and
contains information on the mesh geometry, the physical propees of
regions and values of the real and imaginary parts of the priany eld
component.

Investigate the solution using theAnalyze menu inWaveSim . You can
also create data les and and transfer information to your own alysis
programs.
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4.2 WaveSim script format

You can create a script folWaveSim using the interactive dialog described
in Sect. 2.2 or by writing the commands directly with a text edor. Direct
script editing is required for some advancedVaveSim capabilities. This
chapter gives a detailed description of the syntax and functis of script
commands. Section 4.3 covers commands that control prograrpevation.
These commands are created by the entries in tli&ntrol parameterssection
of the dialog (Fig. 6). Section 4.4 reviews commands to set sitapmaterial
properties. These commands are created by entries in tRegion properties
grid of the dialog. The remaining sections describe advancedpabilities of
WaveSim as well as program operation and output le format.

The script must end with the EndFile command. The entries on a line
may be separated by the standard delimiters introduced in thglesh manual:

Space [' ']

Comma [,

Tab

Colon [

Left parenthesis ['(]
Right parenthesis [)']
Equal sign ['=']

Any number of delimiters may be used in a line. Blank lines and nument
lines are ignored. Comment lines begin with an asterisk (*).WaveSim
accepts commands in any order. The following example illusttes a complete
script:
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* File BENCHO02.WIN
Geometry = Rect
DUnit = 1.0

Solution = E

Mode = Scatter
Freq = 30.0E6
PlaneWave = -0.6283 0.00 1.00 T
* Absorber

Mu(l) = 1.0

Epsi(l) = 1.0 -7.944
* Vacuum region
Mu(2) = 1.0

Epsi(2) = 1.0

* Perfect reflector
Mu@3) = 1.0

Epsi(3) = 1.0E12
NReplace(3) = 2
EndFile

There are two classes of commands: program control and regioroper-
ties. A control command contains a keyword and a value. Regi@mommands
set the physical properties associated with elements and nodeshel have
the format:

Keyword RegNo Value

Here, the integerRegNois the region number de ned in theMesh input le.
The string Keyword speci es the physical property. The value may be one
or more numbers. As an example, the command

Epsi(2) = (50.0, 0.76)

sets the relative dielectric constant of elements with regiomumber 2 to ° =
500 and %= 0:76. (Note : For back-compatibility, WaveSim recognizes
command formats from Version 1.0 through 5.0 where control gonands

start with the keyword Set and region commands start withRegion)
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4.3 Program control commands

In the following sections, commands are written symbolicallyral as they
might appear in the WaveSim script:

MESH MPre x

MESH = Cavity05

Specify the Mesh output le that de nes the geometry of the simulation.

The le must have a name of the formMPrefix.MOUand be available in the
working directory. If this command does not appear in a scriptith the name
FPrefix. WIN , then WaveSim will seek the default mesh leFPrefix.MOU.

SOLUTION [H, E]

SOLUTION = E

This command sets the primary eld quantity following the chaces for two-
dimensional solutions listed in Table 2. The parameters are theharacters
E or H in either upper or lower case. IrE type solutions the primary eld
guantity is either E, or rE . In H type solutions the primary eld quantity
is eitherH, or rH .

MODE [Search, Scan, Scatter]

MODE = Scatter

Sets the nature of the calculation according to the optionsfdable 8. The
parameter options are the stringsSearch Scan or Scatter. Scan and Search
calculations involve several solutions and may involve longm times for large
meshes.

DUNIT DUnit

DUNIT = 1.0E4

You may use any convenient distance units iMesh . This command de nes
a factor to convert coordinates supplied byMesh to the standard distance
units of meters used inWaveSim . The quantity DUnit equals the number
of Mesh units per meter. For example, if theMesh dimensions are entered
in microns, setDUnit =1:0 10°. The default value is 1.00. Kote . Spatial

guantities recorded in the output le FPrefex.WOUare always in meters. In
an analysis session wittWWaveSim , spatial quantities in graphs and listing
les are scaled to theMesh units. For example, if theMesh dimensions are
in cm and DUnit = 100:0, the spatial quantities in plots will be in cm.)
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Table 8: WaveSim solution modes

| Mode | Function | Target |
Scatter | Simulation of open or closed Single solution at the given
systems with specied fre-| frequency output to a data le
guency and drives FName.WOU
Scan | Searches for resonances |PA sequence of solutions with
closed structures or peak out: a probe listing of the primary
put from open structures eld component at a given lo-
cation { no data le
Search | Search for a resonant mode Several solutions to search for
within a frequency range for| maximum probe response folt
ideal or lossy structures lowed by output to a data
le FName.WGQitthe nal fre-
quency

GEOMETRY [Rect, Cylin]

GEOMETRY = Cylin

WaveSim handles problems in rectangular (planar) or cylindrical gane-
tries. Rectangular systems have variations i and y with in nite length in
z. Cylindrical systems have variations inr and z with azimuthal symmetry.
The parameter options areRect and Cylin. In cylindrical solutions the pro-
gram takes thez axis along theMesh x direction and ther axis alongy. In
this case the program issues an error message if any node hgscaordinate
less than 0.0.

FREQ Freq

FREQ = 3.45E6

Set a value for the wave frequencyf() in Hz for Scatter type calculations.
This command has no e ect in theSearchand Scan modes.

RANGE FregLow FregHigh

RANGE = 120.0E6, 150.0E6

De nes a range of frequencies foBcan or Search calculations. The param-
eters arefi, and fnha in Hz. In the Scan mode, WaveSim performs
a series of calculations fronf i, to fna In uniform frequency steps of
(Fmax  Tmin )=fstep, Wheref ¢, is described under thé=Stepcommand. In the
Searchmode, f i, and f,.x de ne a frequency interval for the search that
should bracket a single resonance. In this case, the program widit proceed
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unless the probe response changes sign over the interval. The nomnd has
no e ect in the Scatter mode.

FSTEP FStep

FSTEP = 25

Set the number of frequency intervals in théscan mode or the maximum of
cycles in theSearchmode. The integer parameter is the number of steps.
The defaults values are 20 in thé&can mode and 7 in theSearchmode. The
command has no e ect in theScatter mode.

TOLERANCE FToler

TOLERANCE 5.0E-5

Set the target accuracy for a resonance calculation in tif&earchmode. The

real number parameterFToler is the target accuracy. WaveSim exits the

search when the relative change in frequency between two ®glsatis es
f=f FToler. The default value isFToler=1:0 10 * The command

has no e ect in the Scatter and Scan modes.

PROBE XPos YPos

PROBE ZPos RPos

PROBE = (0.01, 0.02)

Sets a location for a virtual probe that senses the real and imagry parts
of the primary eld component for the Scan and Search modes. The real
number parameters are the approximate coordinates of the gition, either
(x;y) or (z;r). WaveSim places the probe at the nearest node. The posi-
tions should be entered in meters or alternate units if th®Unit command
appears in the input le. This command has no e ect in thescatter mode.

CONDMODE

The standard input method for lossy materials is to give relatie values for
the real and imaginary parts of the dielectric constant & ¢; °¢ ;) and the
magnetic permeability ( %= o; °& (). In the Scan and Search modes it is
sometimes better to keep the e ective material conductiviticonstant over the
frequency range. This is true when we want to maintain an idéabsorbing
layer. This command signalsWaveSim to expect the quantities! %%
or ! % , as the imaginary material properties. In this case, the progna
calculates °% y and °% ( for each frequency by dividing the quantities by .
For an ideal resistive material, the imaginary part of the diadctric constant
is given by:
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' —=— (88)

where is the conductivity is S/m.

LOWQ

For a resonance search in an ideal or high-Q structurd/aveSim seeks a zero
in the reciprocal of either the real or imaginary part of the pobe response.
In structures with very low values ofQ, it may be better to search for a direct
zero of the probe signal. This command activates the lo®@ search option.

PLANEWAVE kx ky A [T]

PLANEWAVE 13.6 0.0 5000.0 T

This command sets up an incident plane electromagnetic waver fscattering
solutions in rectangular geometry using the method of distrided sources
(Sect. 3.10). There are three real number parameters:

ky, the wave number in m ! along the x direction.
ky, the wave number in m?* along they direction.

A, the amplitude of the primary eld component in the wave.

Depending on the mode, the quantityA may have units of V/Im, V, A/m
or A. As an example, the primary eld for an E wave solution in planar
geometry eld has the variation

Ez(x;y;t) = A expl (kxx + kyy 1)) (89)

Values ofk, > 0:0 andk, = 0:0 give a plane wave propagating in the positive
x direction. The optional single-character parametefl controls the eld
solution output. If it appears, WaveSim makes a data le of the total eld
{incident plus scattered. Otherwise, the programs records ¢hscattered eld
only (total eld minus the speci ed plane wave).

4.4 Commands for material properties

Because frequency-domain solutions are meaningful only famdar materi-
als, the set of WaveSim commands to de ne region material properties is
relatively simple. The commands may be generated with th@etupdialog in
WaveSim or directly with a text editor.
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REFLECT RegNo

REFLECT =4

The keywordRe ect designates that primary eld has the xed value [0.0,0.0]
in the region. The re ection condition represents a metal suaice (short-
circuit boundary) for E type waves and an ideal open non-radiating boundary
(open-circuit) for H type waves.

VOID RegNo

VOID =7

The Void condition is the inverse of theRe ect condition. It represents a
metal wall for H type waves and an open-circuit foE type waves. WaveSim
implements internal void regions by setting = o and =102 for E type
waves and =10 gand = ,for H type waves. Note that all unspeci ed
external boundaries automatically assume th&oid condition.

EPSI RegNo EpsiR' EpsiR"

EPSI(2) = (5.8, -56.03)

This command sets the dielectric constant for elements of a ieg. The rst
real number parameter is the real part of the relative dieldédc constant, % .
The optional second parameter equals the imaginary part of éhdielectric
constant, °¢, when CondMode is not set. If the CondMode command
appears, enter the quantity! °%,. WaveSim takes the imaginary part
of the dielectric constant as zero if there is no second parareet The default
value for all regions is ;, = [1:0; 0:0].

MU RegNo MuR' MuR"

MU(2) = (100.0, -25.6)

This command sets the magnetic permeability for elements ofragion. The
rst real number parameter is the real part of the relative magetic perme-
ability, % ;. The optional second parameter equals the imaginary part of
the magnetic permeability, °% ,, when CondModeis not set. If the Cond-
Mode command appears, enter the quantity °% ;. WaveSim takes the
imaginary part of the magnetic permeability as zero if theras no second
parameter. The default value for all regions is, =[1:0; 0:0].
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Table 9: Source currents inVaveSim

| Type | Geometry | Speci ed quantity | Units

E Rect iz A/m ?
Cylin r A/m

H Rect Iy Alm 2
Cylin Mz, ¢ A/m

DRIVE RegNo Amp Phase

FIXED(7) = 2500.0 (45.0)

Set a xed- eld condition. In this case, the region may act as avave source.
The two real parameters are the amplitude and phase of the pramy eld at
all points in the region. Specify the amplitude in the standat units of the
primary eld and the phase in degrees.

SOURCE RegNo Amp Phase [Beta]

SOURCE(3) = 4500.0 (-90.0, 0.0)

The keyword Source indicates that the region has a source current density.
The rst real number is the amplitude of the source. The interpetation
of the value and units depends on the geometry and solution tgp Table 9
shows the options. The second real-number parameter is the phasdegrees.
The third optional parameter gives the direction of the curent for H wave
initiation. The quantity is the angle of the current density vector (in degrees)
in the x-y plane relative to the x axis for planar problems. For cylindrical
problems, the quantity gives the angle in the -z plane relative to thez axis.
The parameter has no meaning fde wave solutions where the current density
points along the direction of the primary eld (z or ). Note that you can
also specify values of relative dielectric constant and magmnefpermeability
for the source region using thé&psi and Mu commands.

NREPLACE Regl Reg2

NREPLACE(5) = 2

This command is used to implement the distributed source methddr free-
space scattering solutions (Sect. 3.10). The source terms arenpauted with
the scattering object(s) removed from a homogeneous regiorspfce. In this
command, the rst integer speci es the number of a region that enstitutes
a part of the scattering object. The second integer is the regionumber of
the surrounding solution volume. This volume carries a planeawe in the
absence of the scattering object. Each region of the scatteringject(s) must
have anNReplacecommand.
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4.5 Running WaveSim

WaveSim can run as an interactive program in a window or as a backgrodn
task. To run the program from the command prompt, use a command the
form:

[ProgPath\]WaveSim [DataPath\]WPrefix <ENTER>

where the le WPREFIX.WHkhd the Mesh output le are available in the data
directory. With this capability, you set up extended autononous WaveSim
runs using a DOS batch le or a Perl script.

The remainder of this section discusses commands in the main mevioen
WaveSim runs in the interactive mode. The program enters this mode vem
launched fromTC or run with no input le pre x. The following commands
appear in theFile popup menu:

EDIT SCRIPT (WIN) (T)

EDIT LISTING (WLS) (T)

EDIT FILE (T)

These commands call the internal editor to inspect or to modifyVaveSim
input and output les. Choosing a le from an alternate directary does not
change the working directory. TheEdit script (WIN) command shows a list
of all les with names of the form FPREFIX.WINvhile Edit listing (WLS)
displays les with namesFPREFIX.WLS

RUN ANALYSIS SCRIPT (T)

An analysis script allows you to perform complex or repetitiverzalyses on a
set of similar solutions. This command displays a dialog listing ds with the

sux SCRPick a le and click OK. The script can load data les, open and
close data records, and perform any of the quantitative analysifunctions
described in this chapter. The script command language is dedmd in

Sect. 5.5. Note that the analysis script must be in the same directoas the

data les.

SETUP (T)

The function of this command is to create aVaveSim script to control
a electromagnetic solution. The program rst prompts for aMesh output
le to de ne the system geometry. The pre x of the le will be used as
the argument of theMesh script command. The program then displays the
dialog shown in Fig. 6. The number of regions in the dialog is tlgmined
by the Mesh le. The functions of the control parameters in the upper box
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are described in Sect. 4.3. You can enter basic physical propest of regions
in the grid box (see Sect. 4.4).

The Solve popup menu includes the following two commands.

RUN (T)

Pick an input le (such as FPrefix. WIN ) to start a solution. The working

directory is changed if you pick a le from an alternate diretory. The run

begins if the le FPrefix.MOU or the le specied in the Mesh command is
present. During the solution, the screen color is blue and the @gress is
shown in the status bar.

STOP (T)
This command terminatesWaveSim and saves as much data as possible,
depending on the solution mode.

ANALYZE (T)
Pick a le of the type FPrefix. WOUand call up the analysis menu for plotting
and numerical analysis.

WAVESIM MANUAL (T)
Display this manual in your default PDF viewer. The le WaveSim.pdfmust
be available in the same directory asvavesim.exe.

4.6 Format of the WaveSim output le

The WaveSim output le FPrefix. WOUis in text format. The le has three
sections:

Header with general information on the run
Node and element information

Region information
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The header section consists of a title line and 11 data lines:

--- Run parameters ---

XMin: 0.000000E+00
XMax: 5.000000E-02
KMax: 101

YMin: 0.000000E+00
YMax: 5.000000E-02
LMax: 101

DUnit:  1.000000E+02
NReg: 4

ICylin: 1

Frequency: 1.484412E+09
Type: H

Lines 2 and 3 listxyin and Xmax, the limits along horizontal axis k or z)
of the solution volume. Dimensions are given in meters. The quay Kmax
in Line 4 is the number of nodes along the horizontal directio Lines 5-7
describe the vertical axis ¥ or r). Line 8 contains the quantity DUnit, the
conversion factor from dimensions used iMesh to meters. Line 9 gives the
number of regions in the solution, while Line 10 speci es the symetry (O:
planar, 1: cylindrical). Line 11 and 12 list the RF frequencyif Hz) and the
solution type (E or H).

The node section consists of 4 title lines ankl, .y
for each node of the solution space.

Imax data lines, one

--- Nodes ---

k

I RgNo RgUp RgDn

64

2 1 1 1 3.135231E-02 5.000039E-04

65 2 1 1 1 3.185230E-02 5.000068E-04

66 2 1 1 1 3.235229E-02 5.000236E-04

67 2 1 1 1 3.285226E-02 5.000762E-04

68 2 1 1 1 3.335223E-02 5.002085E-04

69 2 1 1 1 3.385222E-02 5.004909E-04
FReal Flmag

3.929324E-03
3.851199E-03
3.743600E-03
3.601850E-03
3.421251E-03
3.198111E-03

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
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Each data line contains the following quantities:

The indices of the node K ,L)

The region number of the node RgNo) and region numbers for two
associated elementsRgUp and RgDn). The upper element lies above
the line between nodesK ,L) and (K +1,L) and the lower element lies
below the line.

The coordinates of the node in metersx(y) or (z,r).

The real and imaginary parts of the principal eld componernt E, in
V/im, rE inV, H, in A/lImor rH inA.

The region section consists of four title lines following biReg data lines,
one for each region.

--- Regions ---

RegNo Fix Void EpsiReal Epsilmag MuReal

A WNPF

A one in the second column designates a xed-potential regioeléctrode).

O, OO
[cNeoNeoNe)
[eNeoNeoNe)

Mulmag

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

Jimag

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

[eNeoNeoNe)

[cNeoNeoNe)

8.854188E-12
8.854188E-12
8.854188E-12
8.854188E-12

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

1.256637E-06
1.256637E-06
1.256637E-06
1.256637E-06

AReal

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

JAngle

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

Almag

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

Area
2.015532E-03
3.999995E-06

0.000000E+00
0.000000E+00
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Table 10: WaveSim standard units

| Quantity | Unit
Spatial dimensions meters or units set byDU nit
Frequency Hz (cycles/second)
Electric eld, E V/m (volts/meter)
Magnetic intensity, H A/m (amperes/m)
Current density, | A/m ? (amperes per square meter)
Energy density J/m3 (joules per cubic meter)
Power density W/m 2 (watts per cubic meter)

5 Solution analysis reference

To create plots and to perform numerical analyses, click thAnalyze com-
mand in the WaveSim main menu and choose a data le. The analysis
routines automatically adjust labels and calculated quanties depending on
whether the solutionE type or H type, planar or cylindrical. Table 10 lists
standard units for electromagnetic solutions.

The menu contains the following main entries:File, Plots, Analysis,
Scans Export and Return. The commands of theExport menu (which gen-
erate hardcopy output and plot les) are identical to those inMesh. The
Return command restores the main menu where you can generate addiab
solutions.

5.1 File menu commands

LOAD SOLUTION FILE (T)

Load a di erent solution le for analysis without returning to the main menu.
Pick a new le WPREFIX.EQWD the dialog. Changing the directory in the
dialog changes the program working directory.

SAVE SOLUTION FILE (T)

Save the currently-loaded values of the real and imaginaryags of the pri-
mary eld in the standard solution le formal. Supply the same ora di erent
le name. This command is used mainly after theRenormalize elds com-
mand.
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OPEN DATA RECORD (T)

Commands such ag?oint calculation and Line scan generate quantitative
information. You can automatically record the data generad during an
analysis session by opening a data le. Supply a le pre x in the dilog or
accept the default. The data le has a name of the fornfrPrefix. DAT and
will be stored in the working directory The le is in text format. You can use
an editor to view the le or to extract information to send to mathematical
analysis programs or spreadsheets.

CLOSE DATA RECORD (T)

Close the current data le. Use this command if you want to start a ew le.
Note that you must close the data le before opening it with the iternal
editor.

RUN SCRIPT (T)

A script allows you to perform complex or repetitive analysesma set of
similar solutions. This command displays a dialog listing les v the su x
SCRPick a le and click OK. The script can load data les, open and close
data records, and perform any of the analysis functions desceith in this
chapter. The script command language is described in Sect. 5/8ote that
the analysis script must be in the same directory as the data les.

CREATE SCRIPT

Use this command to create an analysis script with the internal & editor.

Supply a le pre x SPre x in the dialog { the resulting script will be saved
with the name SPREFIX.SCRhe program opens the le in the editor and
writes a reference list of allowed commands. The list follows ¢rfEndFile
command and will be ignored by the script parser. Enter commasdabove
the EndFile command.

EDIT SCRIPT

EDIT DATA FILE

EDIT FILE (T)

Use these commands to view or to modify an existing le. The dialoghows
les with su x SCRor the Edit script command andDATor the Edit data le

command. Changing directories in the dialog does not chang®e working
directory of the program.

72



5.2 Plot menu commands

Spatial plots show variations of quantities over the two-diransional space of
the simulation. The following plot types are available:

Mesh . Element facets of the computational mesh.

Region. Computational mesh with elements color-coded by region
number.

Contour . Lines that follow constant values of a computed quantity.
One function of this type of plots is to show eld lines. InE type

solutions, contours ofg, or rE lies along lines oH (Sect. 3.4). Con-
versely, the contours oH, andrH in H type solutions like along lines
of E. Note that contours of other quantities may exhibit regions b
compressed lines because of eld discontinuities at the boundzs of
regions.

Element . Elements of the solution space color-coded according to a
computed quantity.

Vector . An element plot with orientation lines included in each ele-
ment to show the local direction of a vector quantity.

Surface. A three-dimensional plot where a computed quantity is rep-
resented as height over a region in thg-y or z-r plane. The spatial
limits of the plot correspond to the current view window forMesh Re-
gion, Contour, Element or Vector plots. For large meshes, you may
notice a delay regenerating &urface plot. The program must map the
current quantity to a rectangular grid, performing a large mmber of
interpolations.

The Settings popup menu contains the following commands.

TYPE (T)

Choose the plot type from the above list. A plot type may not suppid some
plotted quantities. If you receive a message when you switch pltyjpes that
the current quantity is not allowed, use theQuantity command to pick a
valid option.

QUANTITY (T)
A dialog shows a list of available quantities (Table 11) consigte with the
current plot type. The list will be empty for Mesh and Region plots.
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Table 11: WaveSim plot quantities

Plot type E, planar E, cylin H, planar H, cylin
Contour E,(H line) | rE (H line) | H, (E line) | rH (E line)
JE;] IE ] jHj iH ]
E.(ref) E (ref) H,(ref) H (ref)
Element JEj JE | JH2j jH j
E.(ref) E (ref) H,(ref) H (ref)
JiHj JiHj JiEj] JIE]]
u u u u
Y p p Y
jHx] JHzj JEx] JE;]
H (ref) H,(ref) Ex(ref) E.(ref)
jHyj jH:j JEyj JE/]
Hy (ref) H, (ref) Ey(ref) E, (ref)
Vector jHj(ref) jHj(ref) JEj(ref) JEj(ref)
Surface, Scan| jE,j JE | JH2j jH
E,(ref) E (ref) H(ref) H (ref)
JiHj jiHj IiEij JIE]]
u u u u
Y p p Y
JHx jHzj JEx] JEZ]
Hy (ref) H,(ref) Ex (ref) E.(ref)
jHyj jH:j JEyj JE/]
Hy(ref) H, (ref) Ey(ref) E, (ref)
E,(real) E (real) H,(real) H (real)
E.(imag) E (imag) H(imag) H (imag)
Hy (real) H,(real) Ex(real) E.(real)
Hy(imag) H.(imag) Ex(imag) E.(imag)
Hy(real) H, (real) Ey(real) E, (real)
Hy(imag) H. (imag) Ey(imag) E, (imag)
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WaveSim supports a extensive set of calculated quantities compared to
a static- eld program like EStat . There are two reason for the diversity: 1)
available quantities depend on whether the solution w&s or H type, planar
or cylindrical and 2) the time-dependent quantities have péise as well as
amplitude. With regard to the rst issue, WaveSim automatically adjusts
the list of plot quantities to re ect the solution type and symmery. With
regard to time variation, it is useful to review some featuresfdharmonic
functions.

The WOUe contains real and imaginary parts of the primary eld quan-
tity, [ Fr; Fi]. The real and imaginary parts of the secondary eld quantigés
[fur;fxi]and [fyr;fyi] (O [f2r;f2] and [frr ; fi]) can be determined from spa-
tial derivatives of the primary quantity (Section 3.4). The amplitude (or
peak value) of a harmonic quantity is denoted ag~j and is given by

q —
jJFi= FZ+FZ (90)

The amplitude is a positive number at all points. We shall use theoflowing
notation when the amplitude applies to both space and time:

q
ifii= R+ i+ 1+ 15 (91)
Another option is to plot a snapshot of eld variations in a quantty at a
reference value of phase,. The value of the quantity calculated at the

reference phase is:

Fret =[Fr + jFi][cos ;] sin ] (92)

Reference phase quantities may have both positive and negativalues. Note
that a reference phase quantity may have zero value at all pd#nin space for
a lossless solution. For example, in a H type resonant solution, tledectric
eld equals zero at , = 0°. To show the electric eld in this case, choose
r = 90°.
The following equations are included for reference. The pé&a of a com-
plex harmonic quantity is given by:

=tan }(Fi=F): (93)

The expression for the time-averaged eld energy density (J/&) in an elec-
tromagnetic solution is

1 4. -
u= 7 JEi*+ GH (94)
where the magnitude operation extends over the real and imagry parts

of all spatial components of the eld quantities (Eq. 91) . Wha a solution
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contains materials with losses, the time-averaged power dernysiw/m 2) is
given by:
! N N
p=> CBEi*+ °fH}* : (95)

where %and are the imaginary part of the material properties.

PLOT LIMITS (T)

In the default autoscale mode the program picks limits il€ontour, Element,

Vector and Surface plots that span the full range of the current quantity.

With this command you can set speci c limits. In the dialog unchek the

Autoscale box and supply the minimum and maximum values. Note that
the program does not check that the values are physically reasble. This

operation will not a ect scaling of other plot quantities. Check the box to

return to autoscale mode.

TOGGLE GRID DISPLAY (T)

Use this command to activate or to suppress the display of grid lisen Mesh
Region Contour, Element and Vector plots. Grid lines corresponding to the
axes k =0:0 ory = 0:0) are plotted as solid lines.

GRID CONTROL

This command displays the dialog of Fig. 26 to set properties tie grid. In
the default autoscale modeWaveSim automatically chooses intervals and
positions so that lines occur at convenient values a&for y (for example, 0.01
rather than 0.01153). The grid intervals change as the vieve zoomed. To
set the grids manually, uncheck theAutoscale box and enter values for the
intervals in x and y.

MOUSE/KEYBOARD

By default the program uses interactive mouse entry of coordates for com-
mands like Line scan and Zoom This command switches the program be-
tween mouse and keyboard input. Enter keyboard coordinates the dis-
tance units used inMesh. In other words, if the solution program has
DUnit =1:0 1, then enter dimensions in microns.

TOGGLE SNAP MODE

When snap mode is active, the mouse returns the coordinate vakiclosest to
an integer multiple of the quantity DSnap. In other words, if DSnap =0:5

and the mouse position is (5.4331, -2.6253), the returned cdorates are
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Figure 26: Grid control dialog

(5.500, -2.500). By default, snap mode is active. Snap modeigomatically
turned o for coordinate input to the commands Point calculation and Ele-
ment properties Otherwise, the program would pick a location closest to the
snap point rather than the tip of the cursor arrow, giving misleding results.

SNAP DISTANCE
Set the distance scal®Snap for the mouse snap mode.

TOGGLE ELEMENT OUTLINE

This command determines whether the element facets are inded in Ele-
ment and Vector plots. It may be necessary to deactivate outlines for a clear
view of large meshes.

CONTOUR STYLE

This command is active only when the current plot type isContour. There

are four choices: monochrome, monochrome with labels, cotbend colored

with labels. In the colored mode, the lines are color-codedaxding to the

value of the plotted quantity. A legend is included in the inbrmation window

to the right of the plot. In the labeled modes, contour lines a numbered
according to their values (Fig. 27). Overlapping labels onasely-spaced lines
may look better in a zoomed view.

NUMBER OF CONTOURS
Change the number of plotted contour lines. This command is &ee only
when the current plot type is Contour.
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Figure 27: Monochrome contour plot with labels

The following commands, described in thklesh manual, change the view
limits in Mesh Region Contour, Elementand Vector plots. The current view
limits of the two-dimensional plots are used when creating tkee-dimensional
Surface plots.

ZOOM WINDOW (T)
ZOOM IN (T)
EXPAND VIEW (T)
GLOBAL VIEW (T)
PAN (T)

The following commands control the appearance @urface plots. The
commands are active only when &urface plot is displayed.

ROTATE 3D IMAGE (T)
Rotate the Surface plot by 90° in the spatial plane.

VIEW ANGLE 3D
Set the elevation angle for the view point.
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SET GRID 3D

Change the resolution of the surface plot. To createSurfaceplot, a quantity
is mapped to a rectangular grid with dimension®y Ny. The numbers also
determine the total number of grid lines in theSurface plot. The default
values areN, = N, = 40.

5.3 Analysis menu commands

The commands in theAnalysis popup menu generate numerical data. Most
of the functions require coordinate input from the user, usub through the
mouse. Therefore, the analysis menu is active only whenMesh Region
Contour, Element or Vector plot is displayed.

POINT CALCULATION (T)

Click on the command and move the mouse cursor to any point in tlelution
space. (Note that snap mode is deactivated for coordinate inpyitThe pro-
gram writes a subset of interpolated quantities to the informi@on area below
the plot and also records complete information if a data le i®pen. To enter
point coordinates by keyboard, use th&oggle mouse/keyboardcommand.

LINE SCAN (T)

The line scan is one of the most useful functions ¥faveSim . After clicking
on the command, supply two points with the mouse in a view of Mesh
Region Contour, Elementor Vector plot to de ne a scan line. The snap mode
is useful in this application (for example, you may want a scarotextend from
0.000 to 5.000 rather than 0.067 to 4.985.) The program contes a series
of values of eld quantities at equal intervals along the lie. The information
is recorded if a data le is open. The program also makes a screplot of
the currently selected quantity versus distance along the scamé activates
the commands in theScan plot menu (Sect.5.4).

ELEMENT PROPERTIES (T)

Pick an element with the mouse (or keyboard).WaveSim highlights the
elements and writes mesh and material properties to the screenhe infor-
mation is recorded if a data le is open.

REGION PROPERTIES (T)

To nd the physical properties associated with a region of the sation space,
click the mouse close to any arc or line vector of the region. Re results
are shown on the screen and a complete analysis is included in t&ta
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le. WaveSim calculates volume integrals of eld energy density and power
density over the speci ed region and shows maximum values j&j and jHj.

VOLUME INTEGRAL

No input is needed for this command.WaveSim automatically computes
integrals of quantities over the full solution volume and oweindividual re-
gions. Information is recorded on the screen or in a history leThe following
calculations are performed:

1. The volume (cylindrical) or cross-section area (planar).

2. Volume integrals of electromagnetic eld energy densityHg. 94). The
output units are J/m in rectangular solutions and J in cylindrical so-
lutions.

3. Volume integrals of power dissipation (Eq. 95). The output nits are
W/m in rectangular solutions and W in cylindrical solutions.

4. The value and location of maxima ofjEjj and jjHjj.

5. If line regions are present, surface integrals 6f2=2 to compute wall
losses in resonators.

Table 12 shows an example of a data listing.

MATRIX FILE

WaveSim can make matrix les of eld values to help you create your own
analysis routines. Although information is available in the otput le of the
solution program, it may be di cult to deal with the conformal triangular
mesh. TheMatrix le command uses the interpolation capabilities of the
program to create a text data le of eld quantities on a rectangular grid
in x-y or z-r. The command displays a dialog where you set the matrix le
pre x, the dimensions of the box and the number of intervals aing x and
y (or z and r). The program creates the le FPrefix.MTX in the current
directory. Each data line contains the coordinates ¥(y) or (z,r)], the region
number, and the real and imaginary parts of the primary and seadary
eld quantities. For example, in a E type solution in planar coodinates, the
program listsE,;; E;i; Hy ; Hyi; Hyr @and Hy;.

The Analysis settingspopup menu contains the following entries.
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Table 12: Example of data created by th&/olume integral command

--- Volume Integrals ---
Volume:  9.020E-02 m3
Field energy: 2.947E+01 J

Volume power dissipation:  0.000E+00 W
EMax: 2.396E+07 V/m

Z: 5.625E-04, R: 3.324E-03
HMax: 2.557E+04 V/m

Z: 9.431E-02, R: 2.900E-01

Integrals by region
NReg Volume Energy Power
(m3) ) (W)

1 8.993E-02 2.932E+01 0.000E+00
2 2.765E-04 1.481E-01 0.000E+00

--- Line Integrals over Line Regions ---

NReg Int(Hp"2/2)
(A"2)

3 0.000E+00

4 3.609E+08
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REFERENCE PHASE
Set the reference phase,. Enter the value in degrees. The settings a ects
plots and calculations of reference phase quantities (Tabld).

INTERPOLATION METHOD

The default interpolation method for the Point calculation and Line scan
commands is a second-order least-squares t with intelligenottection of data
points. For example, only points on the side of a dielectric bowlary that
contains the target point are included to give the correct & discontinuity at
the boundary. The least-squares t may fail in very small regios or enclosed
areas if the program cannot identify enough data points. In tis case, toggle
to the linear mode. Here, eld values are determined by a rst ater tin the
element that contains the target point. The status bar repors the current
interpolation type.

SCAN PLOT QUANTITY

With this command you can choose the quantity to display in screeand
hardcopy plots of line scans. Pick the quantity from the list of &ble 11 and
click OK. This setting has no e ect on the data le records which inclué all
eld quantities.

NUMBER OF SCAN POINTS

This command sets the number of line scan points used for the sargaot
and recorded in the history le. The default value is 50 and theanaximum
number is 500.

RENORMALIZE FIELDS

Multiply all stored real and imaginary values of the primary eld by a spec-
i ed factor. The command may be used to set a speci ¢ eld normahation

for a resonant mode calculation. You can save the modi ed valaewith the

Save solution le command.

5.4 Scan plot menu

The commands of theScan menu become active when a plot is created fol-
lowing the Line scan command.

OSCILLOSCOPE MODE (T)
In the oscilloscope mode, a scan plot assumes characteristics ofigital
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Figure 28: Scan plot in the oscilloscope mode

oscilloscope (Fig. 28). The program superimposes a cross-hairtpat on
the graph. Plot values at the intersection are displayed in thénformation

window. Move the marker along the plot by moving the mouse. Ifau click
the left mouse button at a point, the program displays the plot &lues along
with the numerical derivative and integral of the curve. Thede nite integral

is taken from the left-hand side of the plot to the current poih Values are
displayed on the screen and written to the data le if open. Presthe right

mouse button to exit the oscilloscope mode.

TOGGLE SCAN SYMBOLS
The setting determines whether plot symbols are added to the stalot
showing calculated points.

TOGGLE GRID (T)
The setting determines whether grid lines are added to the sere and hard-
copy scan plots.

CLOSE SCAN PLOT (T)

The scan plot must be closed before you can use thiée and Analysis func-
tions of WaveSim . This command closes the scan plot and returns the
program to the previous spatial plot.
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5.5 Analysis script commands

Scripts to control analysis sessions have a name of the foMfMPREFIX.SCR
They should be in the same directory as the data les. Scripts artext les
that follow the TriComp syntax conventions. The program ignores blank
lines and indentations. Data lines use the standard delimitesnd comment
lines begin with an asterisk [*]. Processing ends when tldFile command
IS encountered.

To run a script, choose theRun script command in theFile menu. The
program shows a list of available scripts. Pick a le and clickOK. The script
operates on the presently loaded data le or you can load otheles from
within the script. You can also sequentially open one or more datles.

WaveSim can perform analyses autonomously under script le control
from the Command Prompt. If the le GTest.SCRis in the data directory,
then use a command of the form:

[ProgPath\WAVESIM GTEST <Enter>

The main application of the command prompt mode is to generatdata les
and to perform extended calculations under batch le contro
The following commands may appear in a script:

INPUT FileName

INPUT Switch1.WOU

Close the current data le and load a le for analysis. The paramier is the
full name of the data le. For the command illustrated, the postprocessor
would load the le SWitch1l.WOUYou can load several les for sequential
analysis.

OUTPUT FPre x
OUTPUT SWO02
Close the current data le and open an output le SWO02.DAT

INTEPOLATION [LSQ,LINEAR]

INTERPOLATION = Linear

Set the interpolation method for subsequenPoint, Line scan and Matrix
commands. The options are.SQ (least-squares t) and Linear.

POINT X Y
POINT Z R
POINT = (5.65, 10.68)
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Perform interpolations at the specied point and write the results to the
data le. The two real number parameters are the coordinatesf the point
in Mesh units.

SCAN Xs Ys Xe Ye

SCAN Zs Rs Ze Re

SCAN = (0.00, 0.00) (10.00, 0.00)

Write the results of a line scan between the speci ed points to thdata le.
The four real number parameters are the starting and end codrdhtes in
Mesh units.

NSCAN NScan
NSCAN = 150
Set the number of points in a line scan. The default is 50 and themaximum
number is 500.

ELEMENT X Y

ELEMENT Z R

ELEMENT = (5.65, 10.68)

Write the properties of the element at the speci ed point to tke data le.
The two real number parameters are the coordinates of the pwiin Mesh
units.

REGION RegNo

REGION =5

Write volume and surface integrals for a region to the data le The integer
parameter is the region number.

VOLUMEINT
Write volume integrals for the full solution and regions to tle data le.

MATRIX FPre x Nx Ny Xs Ys Xe Ye

MATRIX FPre x Nz Nr Zs Rs Ze Re

MATRIX = Switchl (10, 20) (0.00, 0.00, 5.00, 10.00)

Open a matrix le and record values. The command requires sevearam-
eters: 1) The pre x of the matrix le FPREFIX.MT¥tring), 2) the number
of intervals along thex or z direction (integer). 3) the number of intervals
along they or r direction (integer), 4-7) coordinates of the corners of a ko
in the solution volume (real).
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REFPHASE Phi
REFPHASE = 45.0
Change the reference phase for subsequent calculations. Entee tvalue in

degrees.

ENDFILE
Terminate execution of the script. You can add descriptive tebin any format

after this command.
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6 Resonant mode calculation tutorials

This chapter reviews four calculations that illustrate the wmderlying physics
and setup techniques for resonant mode calculations \WaveSim . The sim-
ulations employ the Scan and Searchmodes. The three sections emphasize
di erent classes of solutions:

Basic resonant cavity . The geometry (a right circular cylinder or
pillbox) is simple to enable comparisons with theory. The exapte
illustrates the basic setup for a resonant mode search and the meth
to calculate the Q factor determined by wall losses.

Waveguide cuto modes . Calculation of TE and TM mode cuto
frequencies for a circular waveguide, combiningcan and Searchoper-
ations. An advanced example uses asymmetric structures to shift o
frequencies, depending on polarization.

Ferrite-loaded cavity . The geometry is a synchrotron cavity with a
tuning ferrite. The example shows how to nd the resonant fregency
and Q factor in the presence of volumetric power losses.

All input les are supplied in the WaveSim example library.

6.1 Basic resonant cavity

We want to nd the resonance frequency and) factor for the TMg,0 mode
of the cavity shown in Fig. 29, a right circular cylinder of legth L = 20:0
cm and radiusR = 40:0 cm. In the cylindrical system, the primary eld
quantity is rH , so we seek ail type solution. The rst region in the Mesh
le is a lled region that covers the solution volume. The natual boundary
condition (H, = 0) corresponds to a metal wall. The second lled region
is a small volume near the point of maximum electric eld that arries an
axial drive current to excite the mode. It is a good practiced locate the
drive a short distance from the axis. In this case, the elementsarethe axis
are homogeneous, ensuring good eld interpolations in th&nalysis menu.
The third region is a line along the axis to set the conditiomrH = 0:0.
Finally, the fourth region is a line along the physical walls fothe cavity for
an estimate of resistive power losses.

Table 13 shows theNaveSim control script. The theoretical value of the
resonant frequency, given by

_ 2:404826c

f
2R

(96)
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Figure 29: Geometry for theSimpleCavity example with electric eld lines.
The drive current region is shown in orange and the diagnostimhndary in
green.
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Table 13: Contents of the le SIMPLECAVITY.WIN

Geometry = Cylin
DUnit = 100.0
Solution = H

Mode = Search
Range = (250.0E6 300.0E6)
FStep = 9
Tolerance = 1.0E-6
Probe = (0.0, 35.0)
* Vacuum

Mu(l) = 1.0
Epsi(1) = 1.0

* Drive source
Mu(2) = 1.0
Epsi(2) = 1.0
Source(2) = (1.0, 0.0, 0.0)
* AXis

Reflect(3)

* Diagnostic
Epsi(4) = 1.0
Mu(4) = 1.0
ENDFILE
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is 286.856 MHz. We choose a search range 250 MHz to 300 MHz. Because th
mode has the lowest frequency, we need not worry about compegimodes in
the range and it is not necessary to do a preliminary scan. The gre to sense
the cavity response is placed at = 35:0 cm, near the point of maximum

rH . Regions 1, 2 and 4 have the dielectric properties of vacuurhe drive
current density in Region 2 points in thez direction and has an arbitrary
amplitude rj , = 1:0 A/m at 0° phase.

With an element size of 0.5 cm, the search takes about 3 secondsl an
returns a resonant frequency of 286.821 MHz. The dierence frothe
theoretical value is f=f = 1:2 10 4 With an element size of 0.25
cm, the runtime is 32 seconds and the predicted frequency is62848 MHz
( f=f = 2:6 10 ®). During the second run, the program makes the follow-
ing entries in the listing le SIMPLECAVITY.Wisbile performing the search
procedure described in Sect. 3.7:

--- Response at frequency interval boundaries ---
Frequency (low): 2.500000E+08
Response (low):  7.021391E+02
Frequency (high):  3.000000E+08
Response (high): -2.361759E+02

lteration:. 1 Frequency. 2.874149E+08 Response: -1.037878 E+01
Iteration: 2  Frequency: 2.868448E+08 Response: 5.303467E -02
lteration. 3  Frequency. 2.868477E+08 Response: -4.179829 E-05

Iteration: 4  Frequency: 2.868476E+08 Response: 2.791608E -03
Resonance search successful.

Final frequency: 2.868477E+08

Writing data to file SimpleCavity.WOU

When you transfer to the analysis menu and loa&IMPLECAVITY.WOU
WaveSim creates the default plot of electric eld lines shown in Fig. 2. The
distance between lines is proportional to the magnitude oH . The eld
amplitudes have arbitrary value. Use theéPoint calculation and Renormalize
elds command to set the on-axis electric eld toEq = E.(z;0) = 10:0
MV/m (see Sect. 5.3). A volume integral produces the listing of dble 14 if
a data le has been opened.

Following the discussion of Sect. 3.9, the theoretical value tdftal eld
energy isU = 11:991 J. In comparisonWaveSim calculates 12.000 J. The
theoretical value of the cavityQ for the TM o0 mode is given by Eq. 83. For
an ideal copper-lined cavity with volume resistivity =1:712 10 8 /m.
The skin depth (Eq. 84) at 286.8 MHz is 883 10 ® m and the surface
resistivity (Eq. 79) is Rs =4:409 10 3 . The predicted Q value is 34,330.
As an exercise, use the values in Table 14 to show that the code potsl an
instantaneous power loss of:853 10° W and a Q factor of 34,040.
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Table 14: Volume integral listing. Solution for theSIMPLECAVIT&ample
with the peak electric eld normalized toEy = 10:0 MV/m.

Volume: 1.005E-01 m3
Field energy: 1.200E+01 J
Volume power dissipation:  0.000E+00 W
EMax: 1.446E+07 V/m

Z: -9.944E+00, R: 3.333E-01
HMax: 1.545E+04 V/m

Z: 9.712E+00, R: 3.058E+01

Integrals by region
NReg Volume Energy Power
(m3) ) (W)

1 1.005E-01 1.200E+01 0.000E+00
2 8.639E-06 1.907E-03 0.000E+00

--- Line Integrals over Line Regions ---

NReg Int(Hp"2/2)
(A"2)

3 0.000E+00

4 1.441E+08
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6.2 Waveguide cuto modes

This section illustrates how to applyWaveSim to nd the cuto modes of
waveguides of arbitrary shape. The eld quantities vary withaxial distance
as expf{kz). The wave numberk approaches zero at the cuto frequency,
I.=2f .. Inthis limit, the eld quantities do not vary in z so we can treat
them as a resonant mode of an in nite structure. Waveguide caltations of
cuto modes always use the planar geometry option where eldwgntities
vary in x andy but have no variation z.

If the Il medium of the waveguide is homogeneous, we can nd th
characteristics of a propagating mode from the cuto mode. Foexample,
when! >1 . the phase velocity of a propagating waves is given by

! 1 1

To start, we shall make a comparison with theory by treating Tk, and
TMy, modes in a circular waveguide of radiuR = 2:0 cm. Modes of type
TE have no axial component of electric eld; therefore, the pmary eld
component isH,. The Mesh le CIRCWAVEGUIDE.Mé\hes three regions:
Region 1 lIs a circle of radius 2.0 cm, Region 2 is a small driveurrent
volume and Region 3 is a line around the outside of Region 1. Rag3 is
not necessary for theH type solutions of the TE modes where the natural
boundary represents a metal wall. The region will play a role ken we
investigate TM modes.

Table 15 lists the WaveSim input le CIRCWAVEGUIDETE.\Wh¢ fre-
guency scan brackets the anticipated values of,

fTEOl = 128;10 = 4:395 GHz fTE02 = 523;0: =12:72 GHz (98)
For the H type solution, Regions 1, 2 and 3 have the physical propertie$ o
vacuum. Region 2 carries a drive current in the direction to create electric
elds which point predominantly in x. Note that we have displaced the region
from y = 0:0 so that we can couple energy into the T& mode. The probe
is located atx = 0:0 near the outer wall of the cavity.

Figure 30 shows a plot of the real part of the probe response as adu
tion of frequency. There is a strong positive-to-negative tresition at the
frequency of the Tk; mode and a negative-to-positive transition at the Tk,
mode. The intervening modes are of type Tf. The TEg, mode has a dif-
ferent transition polarity becauseH, has a 180 di erence in phase between
the drive and probe positions. To calculate elds for the Tk, mode, replace
the scan commands with the following set:
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Table 15: File CIRCWAVEGUIDETE,\8#Nup for a frequency scan.

Mesh = CircWaveguide
Geometry = Rect

DUnit = 100.0

Solution = H

Probe = (0.00 1.75)
Mode = Scan

Range = (2.0E9 16.0E9)
FStep = 70

* Vacuum

Mu(l) = 1.0

Epsi(1) = 1.0

* DriveSource

Mu(2) = 1.0

Epsi(2) = 1.0

Source(2) = (1.0, 0.0, 0.0)
* Boundary

Mu@3) = 1.0

Epsi(3) = 1.0

ENDFILE

Figure 30: Frequency scan of TE cuto modes in a circular wavegle of
radiusR =2:0 cm.
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Figure 31: Electric eld lines, TEg, mode at cuto in a circular waveguide
of radiusR =2:0 cm.

Mode = Search

Range = (12.0E9 13.0E9)
FStep = 9

Tolerance 1.0E-7

It is also necessary to change the source current to
Source(2) = (-1.0, 0.0, 0.0)

so that the real part of the probe signal has a positive-to-negae transition.

The WaveSim prediction for the mode cuto frequency isf; =12:711 GHz.
Electric eld lines are plotted in Figure 31. The le CIRCWAVEGUIDETM.WIN
illustrates how to generate TM type modes in the circular wayguide. The
solutions are of typeE with the primary eld quantity is E,. In this case,

the condition on the metal wall iISE, = 0:0 and we must set it explicitly.

The boundary (Region 3) has the property

Region(3) = Reflect

There are two other di erences from the TE solution: 1) it is nd necessary
to supply an angle for the source current which points ig, 2) the imaginary
part of the probe signal is non-zero because the electric eld BCout of
phase relative to the drive source.
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Figure 32: Electric eld lines in a modi ed circular wavegude, with ns
to shift the frequency of the Tk; mode, depending on the polarization of
electric elds.

We shall conclude this section with an example where a numercalution
IS necessary. Suppose we want to propagate a ¢iEwave in the circular
waveguide and ensure that the electric eld points in the direction. In this
case, we introduce a structure that has little e ect on the modevhen the
electric eld points along x, but signi cantly modi es the frequency when
E points alongy. Figure 32 shows a modi ed circular waveguide with thin
ns. When the electric eld points along x, the ns have little e ect. They
make a small change in the cross-section area of the guide, raisihg cuto
frequency from 4.395 GHz to 4.516 GHz. We can generate a wavehmt
polarization of electric eld with the source command:

Source(2) = (1.0, 0.0, 90.0)

In this case, the ns signi cantly increase the capacitance fothe mode,
reducing the cuto frequency to 2.871 GHz.

6.3 Resonant cavity with material losses

The example of this section demonstrates how to us&aveSim to nd
a resonant mode when a system includes material power loss. Fig@@
shows the geometry, a low-frequency synchrotron acceleratioavity with a
tunable ferrite. The cavity is a gure of revolution about the z axis. The
ferrite has relative dielectric constant, = 5:0 and complex relative magnetic
permeability , =[200.0, 1.0].

We can estimate the frequency of the T mode by viewing the area
near the ferrite as a quarter wave resonator. The lepgth is abb0.25 m
and the velocity of propagation in the ferrite isv = ¢c= 200 = 212 10
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Figure 33: Geometry of theSYNCHCANXample, electric eld lines at 15.31
MHz.

m/s. The single transit time through the ferrite is = 11:8 ns. The resonant
frequency isf = 1=4 =21 MHz. Table 16 shows theWaveSim script for
an initial resonant search with no material loss. The fundamentaesonant
mode occurs at 15.3105 MHz and has the electric eld line didttition shown
in Fig. 33.

To introduce material losses, the magnetic permeability for # ferrite is
changed to

Mu(2) = (2.0000E+02, 1.0000E+00)

If the ferrite completely lled the cavity volume, we expecta Q factor equal
to

o

Q= ' =200: (99)

—~o

0

Using the Volume integral command in the Analysis menu, we nd that the
63% of the eld energy is concentrated in the ferrite. Therefe, the Q value

for the system of Fig. 33 should be close to the value of Eq. 99. Thesonant
search at lowQ is more demanding because the reduced slope of the probe
response. Therefore, we narrow the search range to 14.0 MHZA 16.0
MHz and setTolerance= 1:0 10 “. The resulting resonant frequency is
15.3108 MHz, close to the value without losses. Again using thélume
integral command, we nd that U =6:494 10 ® Jand P =3:091 W (note
that the absolute values may be di erent on your computer). Iserting the
values in Eg. 69, we nd thatQ = 202:1.
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Table 16: File SYNCHCAV.Wfhequency search with no material loss.

Mesh = synchcav

Geometry = Cylin

DUnit = 1.0000E+02

Solution = H

Mode = Search

Range = 10.0E6 25.0E6

FStep = 9

Tolerance =  1.0000E-05

* Region 1. VACUUM

Epsi(1) = 1.0000E+00 0.0000E+00
Mu(1) = 1.0000E+00 0.0000E+00
* Region 2: FERRITE

Epsi(2) = 5.0000E+00 0.0000E+00
Mu(2) = 2.0000E+02

* Region 3: SOURCE

Source(3) = 1.0000E+00 0.000 0.0
* Region 4: AXIS

Reflect(4)

EndFile

Figure 34: Probe response versus frequency for tBNCHC/AXample.
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We can check the results by running a frequency scan and compayi
the response to the resonance curve of Fig. 18. The expected eabf the
frequency shift to reduce probe response to half its peak value i

f=to - s70kHz 100
=0 "OkHz: (100)
To create a plot we pick a scan range that covers 300 kHz centeradthe
resonance: 15.16 MHz to 15.46 MHz. The result, shown in Fig. 34, islassic
resonance response with the expected width. Note that the roleGtbe real
and imaginary parts of the probe response are reversed compatedrig. 18
because we are treating ail type solution.
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7 Electromagnetic scattering tutorials

This section discusse$VaveSim calculations in the Scatter mode. Here,

electromagnetic waves generated by speci ed sources are eitabsorbed or
propagate into free space. Typical calculations include tresmission lines,
antennas and wave scattering from objects. Absorbing boundasiglay a

signi cant role in Scatter solutions. This chapter contains four sections that
illustrate di erent classes of solutions:

Coaxial transmission line . The example shows how to generate
TEM waves of speci ed amplitude in coaxial transmissions linesnd
how to de ne ideal terminations.

Two slit di raction pattern . The classic two-slit geometry illustrate
the method for approximating a free-space boundary.

Dipole antennas . The rst example treats an ideal radiating dipole in
free space, with comparisons to theory. The second example sitates
a practical example, the radiation resistance of a half-dipelantenna
over a ground plane driven by a transmission line.

Wave scattering from objects . The examples demonstrate how
to apply the distributed source method for precision two-dimesional
scattering calculations.

Input les for all examples are supplied in theWaveSim example library.

7.1 Coaxial transmission line

The example les have the pre x TCONNECAIthough the geometry is sim-
ple, the example introduces many useful techniques. For exalapa coaxial
transmission line is used to drive an antenna in Sect. 7.3. Fig@® illustrates
the geometry. The coaxial transmission line has inner radil®; = 0:1 m and
outer radius R, = 0:23 m. The characteristic impedance is

1 Ro
Zo=— —1In — : 101
0= 5 n =) (101)
Invacuum ( = o, = o), the line dimensions giveZo, = 50 . The body

of the transmission line in Fig. 35 is divided into two sections (8gions 3
and 4) so we can experiment with transitions between regionsttvidi erent
values of characteristic impedance. We will start with a caldation where
the relative dielectric constant is . = 1:0 in both regions, and then change
the value in the downstream region to, = 4:0.
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Figure 35. ExampleTCONNECE) Geometry showing region divisions.b)
Electric eld lines in a line with , = 1:0 in the left volume and , = 4:0 on
the right.

We want to generate a traveling TEM wave at 600 MHz with a currein
amplitude of 1.0 A. This wave has eld component&, andH , so we seek an
H type solution. In this case, all external boundaries automatally assume
the properties of a metal wall. A matched absorbing layer at 1 downstream
boundary (Region 5) ensures that waves in Region 4 propagatelyin the
+z direction. The layer thickness ( = 0:005 m) is much smaller than
the wavelength of the radiation, = 2 =f = 0:5 m, so we expect good
absorption. There are two layers at the left-hand boundary: &gion 2 is
a current source to create the wave and Region 1 is a terminatidayer to
absorb re ected waves that may be created at the interface ofdgions 3 and
4.

The main setup tasks are to calculate the amplitude of the driveurrent
and values for ?in the upstream and downstream absorbers. The source
layer (Region 2) has thickness = 0:005 m. A radial current creates waves
with component E,. The total current amplitude must equal 2.0 A because
half is absorbed in the adjacent termination layer. Accordingo Table 9,
we must specify the quantityrj, for an H type solution in cylindrical coor-
dinates. The total radial current is given in terms of the weilgted current
density by

2 () = I (102)

wherel = 2:0 A. Inserting values for the example givesj , = 63:66 A/m.
Regarding absorber properties, we must set an imaginary part ofi¢ mag-
netic permeability for an H type solution. Referring to Table 6, the value
for a matched absorber of thickness adjacent to a vacuum volum is
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Table 17: WaveSim input le TCONNECT.\WH¢t up for a vacuum trans-
mission line

Geometry = Cylin

DUnit = 1.00

Solution = H

Mode = Scatter

Freq = 600.0E6

* Upstream absorber

Epsi(1) = 1.0

Mu(l) = (1.0, -15.89)

* Drive region

Mu(2) = 1.0

Epsi(2) = 1.0

Source(2) = (63.66, 0.0, 90.0)
* Region 1 of transmission line

Epsi(3) = 1.0

Mu(3) = 1.0

* Region 2 of transmission line
Epsi(4) = 1.0

Mu(4) = 1.0

* Downstream absorber

Epsi(5) = 1.0

Mu(5) = (1.0, -15.89)

ENDFILE

00— 3773

T (103)
With parameter values for the example, we nd that %= 1589 for a layer
adjacent to a vacuum region. Table 17 shows the complete inpué.

When Regions 3 and 4 have? = 1:0, we expect a pure traveling wave
with equal power loss in both the upstream and downstream absorse The
predicted value isP = 377:312=2 = 25:0 W. The Volume integral command
in the Analysis menu gives the following results:
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Integrals by region
NReg Volume Energy Power
(m3) () (W)

1 6.739E-04 1.178E-10 -1.119E+01
2 6.739E-04 1.975E-10 0.000E+00
3 6.671E-02 4.593E-08 0.000E+00
4 6.739E-02 7.480E-08 0.000E+00
5 6.739E-04 4.713E-10 -2.230E+01

A practical problem is how to be sure that we have picked the carct value
of for the absorbing layers. If the setup is correct, there should beo
component of standing wave in the line. If we use theine scan command in
the Analysis menu to determinejE,j at xed radius, the plot should show a
constant value. In the event of partial re ection, the standirg wave compo-
nents will introduce variations in jE,j. In this case, thestanding wave ratio
for line voltage is de ned as:

o [Emac _ 1+ ]Re]

jErmin J 1 J REj

where Rg is the electric- eld re ection coe cient de ned in Eq. 27. T he
re ection coe cient is given in terms of the standing wave raio by

(104)

jRej = ; (105)

A scan atr = 0:17 m with the plot quantity JEj giveSE max = 361:6 V/m
and E;min = 345:4 V/Im. The values imply that S = 1:047 andRg =
0:023. Therefore, the termination layer absorbs 99.95% of thecident wave
power. For detailed information of wave propagation in a trasmission, see
D.K. Cheng, Field and Wave Electromagnetics, 2nd Edition (Addison-
Wesley, Reading, 1992), 461.

To complete the exercise, we shall set = 4:0 in the downstream region of
the transmission line, reducing the characteristic impedance Z, = 188:7 .
We must also change the properties of the downstream absorber tatcth
the adjacent medium:

Epsi(5) = 4.0
Mu(5) = (1.0, -7.943)

Figure 3% shows electric eld lines. Note that the wavelength in the down-
stream region is half the value in the upstream region. There Wbe partial
wave re ection at the junction of the media. The electric el re ection
coe cient predicted by Eq. 27 isRg = 0:333; therefore, we expect to see
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a standing wave in Region 3 withS = 2:0. A scan over Region 3 for the
modi ed calculation gives the following values a = 0:17 m: E;nax = 470:1
V/m and Emin = 236:5 V/m, corresponding to S = 1:988. The transmitted
wave should haveV = 33:33 V and | = 0:333 A; therefore, the predicted
power dissipation in the downstream absorber is 11.10 W. The calated
WaveSim value is 11.18 W.

7.2 Two slit di raction pattern

The SLITDIFFexample illustrates the de nition of a free-space boundary @h
exercises the ability of code to handle complex two dimensidrgeometries.
The example treats the familiar two-slit di raction pattern, where a plane
wave passing through narrow slits in a metal plate. The numeritanethod
allows us to see features that are not represented in the simpleebry:

the e ect of the metal plate on the near elds, and

the transition to the far eld pattern for slits of nite width.

Will study di raction of microwaves at frequency 18.75 GHz ( = 1:6 cm).
WaveSim can handle optical frequencies equally as well { it is simply a
matter of scaling.

Figure 36 shows planar geometry described ISLITDIFF.MIN The bulk
of the solution volume is a half-cylinder centered on averagmsition of the
slits. The choice ensures that propagating waves intersect th@indary at
approximately normal incidence. We rst Il the entire solution volume with
a medium that will constitute absorber (Region 1) and then ovevrite the
central portion with a vacuum medium (Region 2). The procesgaves a thin
shell of absorber ( = 0:05 cm) on the circular boundary. Regions 3 and 4
overwrite nodes on the left-hand boundary to de ne strips of éight 0.10 cm
with centers separated by a distanc® = 2:0 cm.

If a plane wave moving in #x is incident on the left-hand boundary,
then slits with orientation along z will preferentially transit the polarization
component with E, and H,. Therefore, we shall seek akl type solution.
In this case, unspeci ed external boundaries assume the propied of metal.
Therefore, the left-hand boundary acts like a conducting pte. Table 18
shows the input le SLITDIFF.WIN The value of %in the absorbing layer
(Region 1) was determined from Table 6 with = 5:0 10* m. The
nodes of the slits (Regions 3 and 4) are set to the simple drive cition
H, = 1:0cos(2ft ). This speci cation is adequate because wave travel away
from the drive and do not return. In simulations with re ected waves, it is
better to excite waves with a current source adjacent to an abduong layer
(Sect. 7.1) to avoid spurious re ections. Figure 36 shows an eient plot of
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Table 18: WaveSim input le SLITDIFF.WIN

Geometry = Rect
DUnit = 100.0
Solution = H

Mode = Scatter

Freq = 1.875E10
Mu(l) = (1.0, -5.084)

Epsi(1) = 1.0
Mu(2) = 1.0
Epsi(2) = 1.0

Drive(3) = (1.0, 0.0)
Drive(4) = (1.0, 0.0)
EndFile

jHj. For comparison, the predicted angle (with respect to th& axis) of the
rst minimum in the far eld region is given by

sin() = o5 (106)

For the parameters of the example, = 23:6°.

7.3 Dipole antennas

An antenna is a current-carrying structure that radiates eletomagnetic en-
ergy, generally into free space. This section discusses a benctintalcula-
tion and a practical application of WaveSim to calculate the properties of
electric dipole antennas. The rst example DIPOLEaddresses radiation by
an ideal dipole. Figure 37 shows the geometry. A region of akiascillating
current is located inside an air- lled, spherical anechoic @mber of radius
100 cm. An absorbing layer of thickness 1.0 cm covers the boungaihe
current-carrying region with the material properties of ai has radiusR = 1:0
cm and lengthL = 6:0 cm. The current creates a componeri of magnetic
eld. Therefore, we seek arH type solution in cylindrical coordinates. The
magnitude of the total current is related to the weighted cwent density by
vA R
lo = . dr2 (rj;)=2 R (rj,): (107)

For o = 1:0 A, Eq. 107 implies that {j ;) = 15:92 A/m. We shall rst
perform a high-frequency calculation at 600 MHz ( = 50 cm). Referring
to Table 6, the imaginary part of the relative magnetic permability in the
absorbing layer should have the value®= 7:944. The reference S. Ramo,
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Figure 36: ExampleSLITDIFF, plot of jH,j.
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Figure 37: Electric eld lines from a dipole current,f = 600 MHz, phase
= 90°.

J. Winnery, and T. Van Duzer, Fields and Waves in Communication
Electronics (Wiley, New York,1965), 645 gives the following expression for
the total radiated power:

2 2
u= ST L (108
The predicted value atf =600 MHz is 5.69 W.

Figure 37 shows calculated electric eld lines at phase = 90°. The
Volume integral command in the Analysis menu gives an integral of power
over the absorbing layer of 5.485 W, close to the prediction. Wean use
this example to demonstrate thatWaveSim generates accurate solutions,
even when the free-space boundary is in the near- eld regionWe lower
the frequency to 100 MHz ( = 3:0 m) and change the imaginary magnetic
permeability of the absorber to = 47:664. Figure 38 shows resulting
contoursofH at =0° The values ofH on the outside of the source region
are close to the static- eld prediction. Although the near- eld region occupies
the entire solution volume, the radiated power absorbed in terination layer
agrees with theory. Prediction of Eg. 108 at 100 MHz is 0.1581 ¥mpared
to the WaveSim value of 0.1559 W.

Next, consider a practical example of a metal antenna driven kg trans-
mission line. Figure 39 shows a 1.5 GHz quarter wave cartop antenon
a mount. (In the cylindrical geometry, the top of the antennais on the
right-hand side.) Following S. Ramo, J. Winnery, and T. Van Daer, Fields
and Waves in Communication Electronics (Wiley, New York,1965),
Sect. 12.07, the ideal quarter wave antenna above a grounépé has length
5.5 cm and radiation resistancdRr = 36:54 . The power generated with a
normalized current inputlo=1:0 Ais 18.27 W.

The le QUATWAVE.Midnes the geometry. Region 1, shown as a colored
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Figure 38: Contours offH j at = 0° for the DIPOLEexample at 100 MHz.

band in Fig. 39 is a thin ( = 0 :1 cm) absorbing layer on the surface of a
hemispherical anechoic chamber of radius 15.0 cm. Region Be tshaded
area in Fig. 39, has the properties of air. It outlines all thenajor objects in
the simulation (propagation volume, shaped ground plane, irem and outer
conductors of the transmission line and the antenna). In thel type solution,
the boundaries in contact with void elements or the edge of éhsolution
volume act as metal walls. Region 3 is a small absorbing layer dtet end
of the transmission line and Region 4 contains a radial currenbtgenerate a
TEM wave (Sect. 7.1). Both regions have axial thickness = 01 cm. Finally,
Region 5 is a line on axis between the tip of the antenna and thigght-hand
edge of the solution volume that will assume the propertyd = 0:0.

In this demonstration calculation, we assume that transmissionne is air-
lled with dimensions that give a characteristic impedance tat matches the
expected radiation resistance. A detailed design study would qivably use
standard dielectric- lled transmission lines with a transitionthat minimizes
power re ection at the antenna. With the choiceR, = 0:5 cm andR; = 0:272
cm, Eq. 101 gives a characteristic impedanc&, = 36:56 . Following the
methods described in previous sections, we determine that thésmrbers
should have the relative magnetic permeability , = [1:0; 3177]. We pick
a total source current of 2.0 A, half of which is lost to the transnsision line
absorber. The associated source current densityris, = 318:3 A/m.

Figure 39 shows the time-averaged radiation power density albed in
the outer layer. The variation follows the familiar half-wae dipole pattern
with a peak in the direction normal to the antenna. Electric eld lines in
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Figure 39: Geometry of the QUATWAVE example. The air volume is sided
in blue. The absorption layer is color-coded by time-averaggower density
to illustrate the radiation patter.

transmission line and radiated into space are plotted in Fig. 4dn an ideal
solution, we expect to observe that the spatial integral of powéoss in both
absorbing regions of 18.27 W. Th&olume integral command gives values
of 16.51 W for the radiated power and 13.01 W in the line absorbeThe
antenna performance is good, but clearly there is some waveeaion at
the transition. The interference of initial and re ected wawes at the line
absorber reduces the current amplitude. To search for optimuronditions,
the length of the antenna was varied keeping the frequency @transmission
line properties xed. The radiated power versus antenna letig is plotted in
Fig. 41. The optimum length of 5.6 cm is close tc= 4.

7.4 \Wave scattering from objects

Electromagnetic scattering calculations generally invobs an incident plane
wave interacting with objects. In this application it is impartant to recognize
a limitation of two-dimensional codes. Plane waves do not hawaimuthal
symmetry about an axis of propagation. Therefore, plane wasemay be
included only in calculations of the type:

Geometry = Rect

In other words, WaveSim can handle scattering from a cylindrical rod, but
not from a sphere.
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Figure 40: ExampleQUATWA\Wectric eld lines

Figure 41: ExampleQUATWAVRdiated power as a function of the antenna
length
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High-accuracy calculations of electromagnetic scatteringgsent one the
great challenges for nite-element solutions. Plane waves silbe represented
in a bounded volume in a way that allows identi cation of the elatively
weak scattered signalWaveSim achieves outstanding performance through
the use of the distributed source method discussed in Sect. 3.10 andhe
reference S. HumphriesScattering simulations in inhomogeneous volumes for
Scanning Near- eld Optical Microscopy J. Modern Optics 47, 805 (2000).
The examples in this section illustrate features of the methoand techniques
for scattering solutions inWaveSim .

In electromagnetics even the simplest solutions may be interesy and
informative. The WIREexample illustrates the basic steps in a scattering
calculation. The le WIRE.MINJe nes a cylindrical vacuum region of radius
5.0 cm with a termination layer of thickness = 0:05 cm. The absorbing
layer is divided into two parts (Region 1 on the right and Regin 2 on the
left) to allow identi cation of the power carried by backscatered radiation.
The scattering object is a metal rod on axis with radiu® = 0:5 cm. Table 19
shows theWaveSim input le WIREE.WINset up for an incident plane wave
polarized with the electric eld parallel to the wire. At frequencyf = 20:0
GHz, the wavelength is = 0:015 m and the wavenumber i& = 418:9 m 1.
The PlaneWavecommand signals that the code should perform a distributed
source calculation and de nes a plane wave with amplitud&, = 1:0 V/m
traveling in the +x direction. The other new command,

NReplace(4) = 3

speci es that the scattering object (Region 4) should be replad with the
properties of vacuum (Region 3) for the calculation of the dtributed source
terms. For the E type solution, the values °=1:0 1 and °=1:0 10 °©
in Region 4 approximate a perfect conductor.

Figure 42 shows a plot ofE,j for the total eld pattern. (The total eld
output le was created by including the letter T in the PlaneWave com-
mand.) In the absence of the scattering object, the electric lé amplitude
would be uniform in space i(e., a pure traveling wave). The metal object
creates the standing wave variations shown in Fig. 42. The is rstructive
interference on the front side at distance= 2 from the object and a di rac-
tion shadow. We can calculate the backscatter cross section by say only
the scattered eld and again usingVolume integral command. The average
power dissipation in Region 2 (upstream absorber) B = 1:132 10 %
W/m. The time-averaged power ux in the plane wave is

_ EoHo . E2

—_1- 3 2.
5 = 5 ao7g = 1132 10 ° wam?, (109)

S

110



Table 19: WaveSim input le WIREE.WIN

Geometry = Rect
Mesh = Wire

DUnit = 100.0
Solution = E

Mode = Scatter

Freq = 2.0E10
PlaneWave = (418.9, 0.00, 1.00)
* Absorber front
Mu(l) = 1.0

Epsi(1) = (1.0, -4.766)
* Absorber rear

Mu(2) = 1.0

Epsi(2) = (1.0, -4.766)
* Vacuum region

Mu(3) = 1.0
Epsi(3) = 1.0
* Wire

Mu(4) = 1.0E-6
Epsi(4) = 1.0E6
NReplace(4) = 3
EndFile

Figure 42: Example WIREE, plot ofjE,j, total elds.
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Figure 43: ExampleDOUBLEBAR lines of the scattered eld.

The backscatter cross-section (the e ective height of the objgds there-
fore 1132 10 °=1:32 10 ® = 0:00858 m = 0.858 cm, slightly less than
the physical height. The le WIREH.WIMNlustrates how to set up the same
problem with the electric eld of the incident wave normal tothe axis of the
wire.

The example DOUBLEBAIRstrates a setup with multiple dielectric ob-
jects. Again, we use a cylindrical anechoic chamber with 5 cm riag and an
absorbing layer with thickness = 0:05 cm. The incident plane wave has
frequency atf = 15:0 GHz ( = 2:0 cm) and electric eld alongz. Scat-
tering is from two dielectric rods of radius 0.5 cm with ¢ = 5:0. The rods
have vertical separation 2.0 cm and horizontal separation 0cn (=4). The
spacing was chosen so that the interference of the re ected sigganinimized
direct backscattered radiation. The di erence from the preious run is that
an NReplacecommand is required for both object regions. Figure 43 shows
the resulting scattered eld distribution. Note the reduced waelength and
concentration of eld energy in dielectrics, the strong forwal signal repre-
senting the di raction shadow and the small eld amplitude in the backward
direction.
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