ELECTROMAGNETIC SIMULATIONS

This software was developed to help students utalefs the physics of
electromagnetic. There are many opportunities facteomagnetic fields plotting,
including design of structures for analysis of istatectromagnetic fields and waves. The
electromagnetic problems were solved using analygquations and numerical methods
(FEM, FDTD) but these methods are transparentdéaitier. Only the input and the output
are visible to the user.

The software components are:

1 - Vector Addition

2 — Contour Lines - Gradient

3 — Electrostatic fields
Point Charges
Potential

4 - Electrical Current

5 — Magnetostatic fields

6 — Electromagnetic waves

Many of these components are self explanatory,fandach there is an example that
can be run. In some cases the variables of the @gacan be changed by the user. In
these instances, the variables are entered withcespbetween them and <Enter> after
the variables (for more than one line of valuepetyEnter> at the end of each line). A
<;> can be used instead of <Enter>.

1 - VECTOR ADDITION

This function is provided to help understand theameg of vectors, with the
possibility of plotting in 2 and 3 dimensions. Tagstem of coordinates is rectangular,
with axes denoted asy andz

A vector is defined by 2 points, in 2D:Py(x3, y1) --------- > Py(X2, V2);
3D: Py(X1, Y1, 72) ------ > Pa(Xe, Y2, 22).

The vector arrow will be directed froR to P.. The easiest way to enter the vectors’
coordinates is to writg; y; X, y» <Enter> (keyboard) in the field provided for thisrpose.
The same can be done in 3D but now the sequenre§iig; X, y» 2 <enter>.

After entering one or more vectors, one must pEENIER. The vectors will be
plotted in blue. Each vector is held in memoryegathat one can use ADD to add to the
previously entered vectors (new vectors will betteld in red). The first vector is used as
reference, so all subsequent vector will be plaoethe correct position with respect to



this first vector. Pressing on the CLEAR field @ssle memory. The vector component
on thez axis in 3D will not have an arrow at its end, bather a < + >.

The projection of the vectors can be seen selethtimdieldProjections if it is 2D the
projection will be over de axes, if it is 3D, theoction will be over de planes, xz yz
The vector projection will be plotted in cyan.

2 — CONTOUR LINES - GRADIENT

This function is intended to show how scalar fumsi (in three dimensions) look and
how contour lines and gradients relate to the fonst Gradients are indicated as vectors
(arrows). There are 4 different examples of fundistarting from the simple to the more
complex. To run an example the fidgkdin Examplenust be assigned.

Any function can be entered in the fididinction z = f(x,y).The correct way to type
the function is the same as used in MATLAR dot must be used before the symbols of
multiplications, division, and exponential. The wed used to calculate(x andy) are
assigned in the fieldy Values(in the following way:start value: space increment: end
value.For example: -1:0.1:1, so the values will stathwil at increments of 0.1 up to 1.)
One must pay attention not to allow the space mer# to be zero at some point if the
function divides by ory (division by zero).

3 — ELECTROSTATICS
POINT CHARGES

In this part of the software it is possible to #e®interaction between point charges in
free space (including forces between them) and pedect conductors. Positive charges
are plotted as red points and negative chargetuaspbints. The potential and field lines
are shown as well. The individual forces betweendharges are plotted in red and, the
total forces are plotted in black. One can use andmeory to see the behavior of the
electric field in the presence of perfect condustor

The following simulations can be carried out:
Free Space
2D

1Q - One point charge, one can change the sigreaftiarge to see the fields.

2Q — One can enter the value of two point chartiesdifference between de charges
value is used). You can choose to see the arroeesqs) in the plot

NQ — One can enter any number of charges and rispectivexy coordinates, in the
follow order Q xy <Enter>. You can choose to see the arrows (v&cio
the plot

Capacitor — This is not an ideal capacitor, bus i simulation of a capacitor using
point charges over two parallel plates. One carosddhe number of charges
per plate (indicating charge density), the lendtlthe plates and the distance
between them. Positive charges are plotted asgative charges as points.



3D - the same, as in 2D.
Image Theory

1Q — one point charge over a perfect ground cowdu€ine can change de value of
the charge and its height, and choose to see tgeim

NQ — any number of charges over a perfect groundwctor, with their respectivey
coordinates, in the follow ordeQ xy <Enter>

Tilted planes — one can choose between differegleanof perfect conductors and
then entering the position of the charge and trergeh value. Thex andy
coordinate must be inside of the plane sectionnddfiby the conducting
planes, otherwise the software will change theluear indicate an error.

Metal Box — this function uses image theory to ghlte the electric field produced by
a point charge inside a perfectly conducting mbtat. One can change the
value of the charge, position, length and heighthef box. In this simulation
only the first 4 image charges and the originalrghaare used. An exact
solution would require an infinite number of imagfegarges. Nevertheless, the
result obtained, while approximate, is quite good.

ELECTRIC POTENTIAL

In this section of the software one can see theaweh of electric static fields when
electric potential is applied on conducting suréaeed using different types of dielectric
materials. The simulation relies on the finite eliince method which is explained next.
Although a fairly complex method, its applicatiam simple cases is fairly easy and is
explained next. The method requires geometrical aiogl of the objects and space in
which a solution is needed.

FDM

Finite Differential Method is used with squarelgeto solve for static electric fields
within defined boundaries. The problem discussee &a metallic box in free space, in
which each wall is separated from the others bery 8mall gap. The potential on each
wall can be assigned,, V,, V3, and \4. The dimension of the cell is defined Byy. | and
J are the number of cells mandy directions respectively# of iteratis the number of
iterations used by the FDM algorithm. The algorittuifi converge to the answer after a
number of iterations (see bibliography).

FEM

Finite Element Method (see bibliography) is usethwiiangular cells to solve the
electrostatic field equations. To simplify the gesint modeling required, the finite
elements are restricted to be right angle triangyge can define the dimension of the



triangle cells byDx and Dy. The number of cells ix andy direction arel and J
respectively. See Fig. 1 for an example @,J =3,Dx=1,Dy = 1).
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Figure 1. FEM mesh. The numbers inside the mesh are theealenumbers (triangles).

To solve the problem it is necessary to assign @aynconditions. These are known
potentials over the boundaries.

Theboundariesare assigned in the follow order:
X1y1 % Y2 Vy  <Enter> - two points for one line, if one pogused ->X; y1 X1 Y1

Vp -> potential over the boundary conditioms[(y1)--(X2, ¥2)]. The line can be tilted,
but must have the same number of cells inxthedy direction (projection).

The properties of the dielectric are assigned tjinquopertiesare in the follow order:

X1 Y1 X2 V2 X3 Y3 X Y4 Per  <Enter>, four points a box, for triangle uge= x3 and
ya = Vs, it MUST always be isosceles (same number of CEbIoSx and y
direction) with a right angle (e. g. |_ ) . Themsif, y) MUST always be
numbered in anti-clockwise direction starting fréine lowestx and lowesty
values Kmin, Ymin), Se€ Fig. 2.

Per -> relative electric permittivity inside they area. The permittivities are assigned
in descending order (first element to last one)s Tireans that the second line
of permittivities will overwrite the first one areb on. Elements not assigned
will have Per= 1. At least one geometry property must be asdigne

FEM Cell Geometiitloe materials — coordinate of the points
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Figure 2. Possible geometries and assignment of propdaiehe FEM mesh.



Examples considering Fig. 1 and Fig. 2:

Boundaries: 0020; --
113%,
033G;

Properties- A: 0002 22 2P,
113113 1P2R
404313 1Per
21432322
113132 1P2r

moow

There are 5 examples that can be run. Of thesea@m@es deal with capacitors in
which the permittivities can be changed. Also theme some options for plotting. To run
an example the fielRun Examplenust be pressed. After run any example the valsed
will be appear in the properties and boundary dwt fields and can be viewed on the
screen. At this point it is still possible to changalues in the boundary and properties
fields, but in this case tieun Examplenust not be pressed again. The boundaries will be
shown in blue and the properties contour in black.

Note: The FEM algorithm is not protected against entggmrong coordinates. One must
be sure to enter the correct position of the prilgseand boundaries according to
the mesh. The mesh will change according to thenBary and Properties values.

4 — ELECTRICAL CURRENT

In this section one can see the magnetic fielcslam®und parallel infinite conductors.
In 2D it is also possible see the force betweenctheuctors. The red point indicates a
current flowing out of the screen, the blue pomtticates a current flowing into the screen.

In 3D the field plot is a rough plot of the magnsdfield lines. The values of the currents
can be changed.

5 — MAGNETOSTATICS

In this section is the Finite Element Method iscuse a fashion similar to that used
above for the electrical potential. Therefore thesimand the parameters entered are
similar. The material properties and the boundanyddions are entered in the same way
as for the electrical potential.

One can use two kinds of FEM calculations for statiagnetic fields; one is
calculated using scalar potential and the othdn wetctor potential (see bibliography).

One can define the dimension of the triangle d@i®x andDy. The number of cells
in the x andy directions are defined dyandJ respectively.



Theboundariesare assigned in the following order:
X1Y1 % Y2 Py <Enter>

Py -> potential over the boundary conditior[(y1)--(X2, y2)]. For vector potential the
boundaries surrounding the mesh hBye0.

Thepropertiesare assigned in the follow order:
X1 Y1 X2 Y2 X3YaXayYa Mu  <Enter>

Mu -> relative magnetic permeability inside tkyearea. The geometry of the material
is the same as for static fields. Elements nogassi will haveMu = 1.

Thesourceis assigned in the following order:
X1 Y1 % ¥2Js <Enter> - the same as for boundaries condition.
Js-> current density on the point or line(y1)--(X2, y2)]-

There are 4 examples for vector potential and onsdalar potential that can be run.
For these examples a number in the name of the@gam g[2M] means that 2 material
properties can be changed in the permeability .fi€lte order is from top to bottom, that
is, from material 1 to material 5. To run an exaenfile field Run Examplemust be
pressed. After that the values used will appeahénproperties and boundary conditions
fields and can be seen on the screen. It is st#§ible to change values over the boundary
and properties fields, but in this case fhen Examplenust not be pressed again.

6 — WAVES

In this section one can see the interaction betvedsrtromagnetic waves and matter
including potential and current in transmissiorefin Electromagnetic propagation in two
dimensions is shown. This is calculated using tinge=Difference Time Domain (FDTD)
algorithm. Although the FDTD is used, the user hasinteraction with the model: the
model is internal and any change in parameterbamdled by the program as inputs. Thus
the details of the FDTD method are not important.

Reflection and Transmission

In this section, the reflection and transmissioragilane wave in different media is
explored. The first optionMetallic Walls is an example of a Gaussian pulse hitting
metallic walls; the reflection of the electric amégnetic fields can be seen as they occur.
The number of iterations can be changed to suthémext part, one can see a sinusoidal
planar wave (electric field) crossing differentégpof media. There are 3 possibilities (1, 2
and 3 media); the electric properties of each nradian be assigned at willength [P]is
the length of the medium in periods of excitatidime [P] is the number of excitation
periods to simulateFreq. [Hz] is the frequency of the excitation in Hertz. Ire tplot
option one can choose what waves to pi@rnsmitted(red), reflected (green) andotal
(blue).



Transmission Lines

Here one can see the electric potential, curreng @put impedance on a
transmission line, the potential, input impedancd aurrent at the load are also shown.
The phase shown for the load current is the arggeraing zero phase angle for potential
at the load. The transmitted fields are plotteden, the reflected fields in green and the
total fields in blue.

The parameters are:
Vsource= potential of the source [Volts];
Zsource= impedance of the source, must®e bi, wherei means imaginary number;
Ziine = impedance of the transmission line;
Attenuat = attenuation over the line in Nepers/meter [Mp/
Phase = phase constant [Rad/m];
Length= length of the transmission line in meters;
Z0ad = impedance of the load;
Freqg. = frequency of the source in Hertz;
Time [P] = number of periods of excitation.

It is also possible to calculate the input impe@aficat any point on the transmission
line, wherez, -> x[m] means the distance from the source, so at 0 anéhbdull length
of the transmission line. At the full length thg is equalZi,ae. When this function is used
a figure is generated showing the input impedamcthe line (magnitude and angle).

FDTD — TE mode

In this part one can see the interaction of thetedenagnetic waves with matter in
two dimensions, with the possibility of changingrgraeters such as excitation and
material properties. To compute the fields thetEimifferential Time Domain method is
applied in a square mesP = Dx = Dy = 0.0273 m) in which a TE mode (Transverse
Electric Mode)Ey — Ey - H,. See Fig. 3 and bibliography.

Excitation parameters:

Type= Gaug,gsian Pulse (no frequency assigned, fixededhar Sinusoidal (frequency
<10° Hz);

Field = Ex and/orEy, or H,.
Plot parameters:

Field = modulus (magnitude) of electric fiel&|), orE, or Ey, orH,;

# of interat. to plot= this value means the number of iteration foew plot, so one
can see the wave propagating during the simuldime. If this field is left empty,
the fields values of the last iteration (mesh pat@m) will be plotted.

One can choose to see the contour of the metalamibdperties on the mesh.



Figure 3. FDTD with square mesh, mode TE= 4,J = 3.
Mesh parameters:

| = number of cells ix direction;
J = number of cells iy direction;
# of iteract = number of iterations to simulate.

Theexcitationis assigned in the following order:

X1Y1 % Y2 <Enter>, excitation points over a line defingd2opoints, must be vertical
(Ey or Hy) or horizontal Ex or H;) (0<x<1,0<y<]J, entire values),
example = [0 0 1 0], vector in the first cell. Tagcitation can also be
tilted as the metal boundaries.

Themetalboundaries are assigned in the following order:

Xx1y1 % Y2 0 <Enter> perfect metallic boundary conditiomd$ine defined by 2
points, can be vertical, horizontal or tilted. ilfed it MUST always have
the same number of CELLS xeandy directions)

For a circle:
pxpyR QulQu2 <Enter>;px, py-> position k, y] of the circle center;
R -> radius of the circle; number of cells, musth&
QulandQu2 (1 =1[0°90°], 2=[90°-180 9], 3 =[180 ° &9,
4 =[270°- 360 9.
If Qul= Qu2just one quarter of the circle is assigned. Foomplete

circle Qul = 1 andQu2 = 4; The properties are assigned in anti-
clockwise sequence.

If no metallic boundaries are to be used, thiglfralust be left empty.



The propertiesare assigned in the following order:

X1 Y1 X2 V2 X3 Y3 X4 Y4 Per Cond <Enter>; four points of a box; for triangle uge= X3
andys = y5; it MUST always be isosceles (same number of CElLL® and y
direction) with a right angle (e. g. |_ ) . Themsif, y) MUST always be
entered in anti-clockwise direction starting frohe tlowestx and x values,
(Xmin, Ymin); S€e Fig. 4. At least one property must be assign

For a circle:

pxpy R QulQu200 0 PerCond <Enter>, px, py-> position k, y| of the
circle centerR -> radius of the circle, number of cells, mustih&
QulandQu2(1=[0°-90°], 2=[90°-180 9], 3 =[180 ° 9%,
4 =[270°- 360 °.

If Qul= Qu2just one quarter of circle is assigned. For a detagircle
Qul =1 andQu2 = 4; The properties are assigned in anti-clockwise
sequence.

Per -> relative electric permittivity inside they area. The permittivities are assigned

in descending order (first element to last). Thisams that the second line of

permittivities will overwrite the first line and sm. Elements not assigned will
havePer= 1.

Cond -> electric conductivity in Siemens/meter insithe xy area. The condutivities

are assigned in descending order (first elemetddt). Elements not assigned
will have Cond= 0.

FDTD Cell Geometrytbé materials — coordinate of the points
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Figure 4. Possible geometries to assign properties int&-ENED mesh.

Examples (see Fig. 3 and Fig. 4):

Excitation. 0020 -- Metal00330 /
0003 | 13400 \
1122 / 11410 --
4013 \ 30330 |

Properties- A: 000 2 2 2 2PZr, Condh
113113 1P Conds
404313 1PerCond:
214323 2P&pCond
113132 1P2rCond:

moow



Considering a mesh with= 100 and] = 0, for circles (for metal will be the same):

F: 505010140 ®6r,Cond, -[0°-360 °]full circle
304010120®6r,Cond -[0°-180 9
9090204 40 ®6r; Congg -[270°-360

Boundaries surrounding the mesh

Two algorithms can be use, one will usetallic boundaries and the other will use
absorbing boundary conditioMBC) simulation the free space (Perfect Matched layer
used -PML, see bibliography).

Examples

Free Space GP a Gaussian pulse propagates in the free spaug RSIL. Ex E, and
H, are shown.

3D Cavity — show a Gaussian pulse inside of a metallic gglabx).

Scattering- shows waves hitting metallic walls and scattgfiom them.

Diffraction - A planar wave undergoing diffraction at a métalall with a gap.

Cylinder— two different materials, one in the shape deiinside it there is a small
metal circle.

Many Shapes many properties and metals with different shapes.

Monopole- a small monopole over a metal ground.

Dipole— a small dipole in free space

Waveguide- a waveguide surrounded by two different mediaited with a planar
wave.

In the first 4 examples above the properties cabeothanged. The other examples
are self explanatory and their configurations carchianged. To run the examples ftn
Examplemust be pressed.

Note: The software does not protect against wrong doatels, so one must be sure to use
the correct coordinates according to the mesh, iaside the calculate domain.
Because de cell dimensions are fixed the coordweltees are integer numbers.

Staircase lines will be used when straight linesnoa possible (due to the FDTD
mesh).

The plots will be shown after the compiotais finished (It takes some time before
the plots appear).

When the function PAUSE is used, pressing key on the keyboard will re-start
the plot. Some functions do not stop if PAUSE isssed just once.

To stop plotting, one must use < Contral>.

Hint: When thevaveswindow is open, do not seleRun Exampleand push the FDTD
button (a “ready made” example will be executed).
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