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FDTD: Materials and Boundary Conditions

Lecture - 13.20
MEEP : FDTD in action
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Meep Tutorial

I this paige, we'll go theough 3 couple of simple examples that lustrate the process of computing fisids
IranamIERIoN/reflaction Spactia, and resonant modes in Meap, AT of the examphes hire ane two-dimenaional
calculations, samply becaisse they are quicker than 3d computations and they Bustralé most of the essential
features, For more advanced functionality involving 34 computations, see the i .

Heep
This tistorial uses the fibetiScheme seripting interlace to Meep, which is what we expect most usars to emplay
most of the time. Thers is also a C++ inteetace that may give additional fiexibiity in some siuations; that s
described in the C++ futorial, Mg
I cerdr to convert the HOFS output files of Meep into images of the fiskds and so on, this tuloral uses our Dowrioad
frae hutiia programs. You could st use eny ohad program, such @ Matab &, that suppaors reading HOFS Reloase notes
files. FAQ
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So it is called Meep the text is readable yeah ok.
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The ctl file

Tha use of Meep revalves around the conircd file, abbreviated "c” and typically called somothing lke fos.ct1 {alihough you can use any
fiks nam you wish, Th cf fls spacifies th geomatry you wish to study, the current sources, the outputs computed, and sverything slse
pécific o your calculation. Rather han & fal, inflexdi fle format, however, the ctf S (3 actualy witien in & scriping language. This
mans thal it can be everything from a simple sequence of commands setiing the geomelry, eicetera, 1o a ful-fledged program with user
nput, loops, and anyihing else that you might nesd,

Dion't woery, though-—simple ihings are simpile (you dont need to be a Real Programmer ), and even there you will appreciate the
floxhility that a scripting language ghves you. (#.9. you can input things (n any ordar, without regand for whitespace, insen comments
whei you pledie, O things whan reasonable detaulls are available.. |

The cil file bs aciually iImplemented on top of the lbct Bbrary, a sel of utiiities that ane in bam built on top of the Scheme language. Thus.
fhsare are ihree sources of possible commands and syniax for a cil M.

3 Sebrima b nemmrbil and e aifl nennrmmeine Lism s dsvsbanad 8t UIT which has 2 nasties i simnis svnsan o stasmants sm

So, I would not read through all of this I will just working through this we will also get an

idea of how to what are the steps in running an FDTD program ok.
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Fields in a wavequide

For our firs! exaenple. lefs examine the flield patiem excited by a locakzed CW sowee in 8 waveguide— firsi straight. then bent Our
waveguide wil have {non-dispersive) ¢ = 12 and width 1. That is, we pick units of length so thal the width is 1, and define everything

In torms of that (3e% ako units in maep).

]
A siraight waveguide fee
Bafore we dafina the siructure, however, wa have 1o define the computational cel. Wa're going to put 4 scurce at one end and waich i
propagate down the waveguide in the x direction, 50 let's use a cell of length 18 in the x direction 1o ghve i some distance to propagate.
Ini the ¥ direction, wa just nesd Gnough room 50 that tha boundates (balow) don't aflect the waveguida mode, kt's give i & size of &, Wa
e pecily thesa sizes in our el file via the pessitry-latrice vasiable:

{sat! gomatry-laneice (mabe larvice (airg 16 8 re-size)))

(This reame gecsetry«Lettice comes from MPB, whare it can be used to defing a mare general periodic latice. Although Mesp supports
periodic siructires, 1 is less general than MPB in that affine grids are not supported.) set! Is @ Scheme command to sat the value ol an

input variable, The las! no-s3ze paramater says that the computational cell has no size in the 2 dinection, 2. it is two-dimensional
Now, wa can add the waveguide. Most commanly, the structure is specified by a 145t of geometric objects. stored In the peesstry variable.
Hare, wa do

! gematry (list

{maky block {canter & &) (ize dnfinity I infindey
(materlal (s dtalecteic (apsiles 22)100))

So, let us go to. So, the first example they have is for example, fields in a waveguide. So,

imagine there is waveguide I want to send wave through very simple we know analytically in



these cases we can even analytically calculate what the fields look like, but that is not our

objective let us see what this simulation does.

So, the first line over here is. So, this is as [ mentioned is written in a language called scheme
which is a slightly unusual language. So, we would not get into syntax, but what is being set
over here this size is 16 8 no size this is telling you the size of the computational domain. So,

16 units in x, 8 units in y and no size in z means its 2D simulation that is all that it means.

(Refer Slide Time: 01:19)

wat] geosstry-lattice (ske lattice (size 36 0 re-ainel

(The rame gassstry-Liteics comes from MPE, whvre i can be used to define 8 more general pericdic laiice. Although Meep supports

period Hructug

s ik g a1 MPE in that afine geids 818 vl supponed.) se i3 & Schame command 1o 4t e vales of an

nput vatiable, The last ne. e says tal the compulational cell has no w2 in the 2 direction, Le. it is twe-dimensional

o, we can indd the waveguide. Most commanky, the structure is specified by 4 Lise of geomelric abjects. slated in the gessstry variable

Here, we do

cified by o block {paralelepiped) of size g ¥

i the computatonal coll, By default, any

Now that we have the stucture, we need 1o specify the curient sources, which is specified as a Lis

called sourees of source objocts. The simplest thing is to add a point source J.;

Here, we gave the source a frequency of 0.15, and specified a contdsvoua-arc which is just a fixed-frequency sinusoid expl - i thal (by

1| Dinesil th9s e Bienrs janite_femes i bt i yindhe of Ama smduie b o honlact om ol Lo oo

Next I have to make the object. What is the object? It is a waveguide. So, a waveguide as
shown in this figure over here is this black strip over here. So, it is like a slab waveguide
right. So, I have x is along the waveguide and then y is the other axis right. So, here the
waveguide is being made. So, it is being made as a block of some €. So, € =12 has been

given ok.

The width is given as 1 unit and infinite in the other dimension so, fairly intuitive right. So,
the width of this black strip is 1 it has epsilon equal to 12 and it extends forever of course, it
extends forever because I have defined the computational domain about we have 16 units

over here right. So, in practice it is going to be 16 units right.
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The waveguide is specified by a block (paralislepiped) of size oy % 1 % oy, with c*12
centered at (0,0 (the center of the computational cel). By defaull, any place where thére are na
objects ther |s air (¢=1), although this can be changed by salting the defslc-ssterial vardable, The

resulting sEuctung i shown at right
Now That i have the Stucture, we nead 10 specify Th curment sources, which is specified as 3 List

called sourcan of scurce objects. The simplest thing is to add a peint source J,:

Amout-sre (frequancy 9,151

Hern, we gave the source a frequancy of 0.15, and speciied & centinus-sec which is just 3 ficed-frequency sinusoid ex - mr) tai (by

Map units, frequency & spacified in un WhHCH 18 wigulvalnt 10 the invarss of vacuum

s 1 @ vatuum warvelengih of about | (015 = 6.67, of
ingth wide, which shoul

thof about 2inthe ¢ = ]2
mode. {in fact, the cutoff for single-mode
reughly 0.15076.) Note af

us, our waveguide s half a war
hytically sc
specify a . spedily a companant £-

and camesponds io a fequency

we wanied 4 magnatic current, we would specily i, iy, of s). The current is scated ai |

right of thé e edge of the cell—we shvys war 1o ave 2 il $pace between sources and th cel

boundaries, o keep the boundary conditions from in

" Speaking of boundary condiions. we wani 1o add absorbing boundaries around our cell. Absorbing boundacies in Meep are handied by
{ 4]
A

ering with them.

{PML = which aren’t

y a boundary condition at all, but rather a fictitious absarbing material added around
th oidgars of tha call, To add an absorbing laver of thicknass 1 aound af skes of the call, we &0

Now, by default everything else is vacuum that is what you would expect ok. Next comes a
source I need to put a source to excite some field in the waveguide how will I get the wave in

there. So, what have they done? They have made a ¢’ kind of a field ok.

They have given some frequency in some normalised units 0.15 that is the frequency and they
are saying that is E, polarisation over here and they have given some centre for it ok. So,
centre remember our size was 16 so, -8 to 8. So, at -7 that is at the almost at the left most part
I am putting E, polarised source and what kind of a source? Continuous wave it is not that
source that starts in time and that decays in time continuous wave the dielectric is the
waveguide this black strip over here is the waveguide why would not the wave go out ok?
Good question. Why would not the wave go out? So, I am exciting it within this and I mean.

So, this is something which is you should have studied in your undergraduate course.
Student: (Refer Time: 03:26).

Ha no. So, the field does leak out it is not the case that the field is strictly confined within the
dielectric the field does leak out exact we will see it is not confined purely inside some of it
does leak out. We do not have to think worry about how much is undergoing total internal

reflection the Maxwell’s equation will take care of it.



Student: Only that.

Yeah some will be some will guide it some will get will leak out ok. So, we have we have
specified the source what else do we need to specify boundary condition right, if I do not

specify boundary condition my simulation will be wrong.

(Refer Slide Time: 04:10)

sat] padeloyers (List (make pml (thickress 1.9)))

pal-ayers 15 8 st of pad OjCTS—you miay havis mors than ona ps] Object I you want PML layers ondy on carmn sidgs of the coll, 8.
(maik pal (thickssss 1.#) (diractios 1) (aide wign)) specifies @ PML layer ononly the + r side. Now, we nobe an imporant poink: the
PML iayer b5 insicie the call, ovarlapping whattver oOiscts you have thase, S0, in this cass our PHWL ovelaps our wiveguide, which i
il we wan! 80 that it will proparly absorh wirveguide moded. The finite (ickness of the PML is imporant 1o feduce numerical
aiched layers for more information.

reflections: si perfectly m

Meep will discrefize this struciee in space and fime, and that is specified by a single variable, resslurios, thal gives ihe number of piels

Wil et i rerolustion b 110, which cofmesponds o ariund 67 pastawavelength, of Bround 20 pixsiwdavelength in

e
the high-delecic material. (In general, at leas! 8 pels/wavelength in the highest dislectric is a good idea.) This will give us a

160 x 80 ced
wsalstion 10}

Mo, we are ready 1 nn the smulasion) Wi do his by caling the ren-wrtil function. Th irst Argument 1o re-weti b th tme 1o rn for,
and it subsequent arguments specify fields to oulpat {or other kinds of analyses al each time shep)
rentil T

{at-baginiag svept-apeiion
L ovtput-afiolde:

Here, we are ouiputting the dislectric function « and the electric-feld companent £.. but have wrapped the output functions (which would

othanaise run at every time step) in st
madity the output behavior—and you

nnkrg and st-and, which do just what they say. There ars several other such functions to

of course, write your own In fact you can do any compulation or output you want at any

So, they have specified here PML this is just one line specification set a PML of thickness 1.
So, by default what it will do you look at this computational domain over here it will put like

a picture frame of thickness 1 all around ok.

That is why the source was put at the -7 not at -8 because you do not want source in the
material you wanted just outside ok. So, the PML is from -8 to -7 and the source is at -7 ok.
Now remember your Ax and At is yet to be specified right. So, here we set for example, this

set resolution so, that setting Ax in some normalized way.

The Courant parameter is a default parameter that is already fixed in the simulation you can
change it if you want, but the they give you a default which will be a stable number. So,

fixing Ax is good enough Ar will get fixed according to the courant ok.
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Maap will discratize this structure in space and tima, and that is specified by 3 singla variabla, resolution, that gives tha numbaer of pocals

per distance unit. We'l sef this resalulion to 10, which corresponds o around 87 pixe: gth, or around 20 plxeisiwavelength in
ih high-ghelectric material. (In general, af least 8 pixeis/wavelength in the highest disleciric is a good kea.) This wll ghve us 3

160 x 80 cen
(sa1 Pasaletien 18}

Heows, we aire ready 1o run ihe simulation] We do this by calling the res-untid function. The first argument 10 res-usti) ks the time to run for,
and the subsequent argumants spacify fiakds to output (or other kinds of analyses at each time step);

(rum-uneil 200
(at-baginning ovtput-aprilon)
(at-and oetpet-atisid-1)

Here, we ire ousputting the diskectric function ¢ and the sleciric-eld companent E,, bul have wrapped the output functions (which would
feNwEE FUn Bl évery fime Sbp) i at-veginning 30d sr-esd, which 30 just what tey sy, Thre st severl oiher such funcions o
frdily the cutpul behavier—and you can, of course, write your own, and In fact you can do any computation of output you wani ai any
time: during the time evolution (and even madify the simuation while 2 is runing).

1t haidd compiite in 8 lew Seconds, I you ane Tunning interackvely, the two Cutpid Mes will bb caliod eps-bibes, 09,05 30d a2-
a0 5 (notice that e fle names include the e o which they were suipuf). Il we were running 8 tutsedal. ctl fle, then the
QS Will Do twmorLal-epe- b 0, b5 BN tutorial-er-SR0200. B, 5. |1 BTy CASE, Wi CAN VW SNalZH Bd visualize thide fiks with &
widde variety of prograens that supper the HOFS format, including our own houtils, and in particular the nStaey program o converi tham
10 PNG images

ALY STOpNE -33 s - NN, B9, S

Then finally, you have to tell the simulation that how long do I wanted to run? So, you say

200 time units some more commands are given to output the fields and all of those things ok.

(Refer Slide Time: 05:27)

unixd Aitopeg 31 wps -B000R, 9. 5

This will cieale woe-0000.00.pog. where th «5) ncieases the image scalé by 3 (50 that it is around 450 pixels wide, in this case). bn fact

precisely this command is what created the dislectric imape above. Much more intaresting, however, are the fields:
sk hitopag =33 «3¢ dinluered <o parg <A apn-0000D. 00, hE wI-0NCSN. 00, hE

Briofly, the -2: slieres makes the color scale go from dark blue (negative) to white (zero) io dark red (positive], and the -a/-a cptions

oweriay tha disleciric fnction as ight gray contours. This results in the image:

Hore, wo see that the the sowce has exciied the waveguide mode, but has also exciied radiating flelds propagating avway from the
waveguide. Al ihe boundarkes, it feld quickly goes o zevo dus i the PML Layers, i we loak carefully {click on the mage 1o see a lager
view), we see somathings else—the image is "speckied” iowards the right side. This i because, by tuming on the current abrptly at 1

0, i havve excited high-frequency companents (very high order modes), and we have not waited long enough for them to die away; we'l
alimirats thissi in e R S6CH0A by WIMING 60 e SOUFCE Mon AMosthly

[oc]

A 90° bend

This is what the output of the simulation is at the end of 200 seconds this is what the fields

look like right. So, the source was over here and looking at this can you say that there is

definitely a wave guiding happening clearly right the field is very nicely confined to the

waveguide, but not strictly some of it is leaking out no problem right it is not and this is not a



lossy material, it is just € = 12 there is no imaginary part. So, this field will go on for a very
long time and distance right. But you can see its leaking out, next to the left hand side
interface you can see there is something strange happening over here that is because there is

a.
Student: PML.

PML over here so, its absorbing it almost perfectly, but I mean in practice some of it will not
get absorbed right. So, they make a point here that because, they turned on the field abruptly
right. So, the simulation started at t-0 and the next instance there was a ¢*’. So, we know

that that as far as physics is concerned there is an abrupt turns on the field.

So, there will be some high frequency component right. So, that is what we say towards the
right hand side over here the field looks a little what they called speckled you can see the
field over here it has some the shading is slightly different from at the very beginning here is
the very nice homogenous dark red here is a here there are little white dots inside the red. So,
that they says coming from the high frequency components that came as a result of turning

the field on abruptly.
Student: (Refer Time: 07:08).

A good question what is the red and blue? So, red will correspond to maximum positive blue
will correspond to maximum negative right. So, it is like it is a wave that is travelling right.

So, alternate maxima and minima in a wave that is what is happening.
Student: That thing in the.
That thing in the.

Student: (Refer Time: 07:27).Yeah, white it is 0; yeah white it is 0. So, that is what they
called this dark blue red that is the you specify the legend for the colour. So, that is how they
do. So, typically when you see a simulation of red and white then you should have assumed
that one is maximum positive, one is maximum negative and white is 0 this dot that is the

source.



Student: Dark.

The dark thing that actually that that is like the darkest red and this is the darkest blue that is
how? I mean that is the shades of blue and red shades of not blue and red shades of dark blue
and dark red. So, dark blue red is one legend blue red is another legend we can choose ok. So,

people use different things for enhancing the contrast.

Student: Ok.

So, this is the example which you could have done analytically also right, but the power of

the FDTD is that you can do things which are analytically not possible.

(Refer Slide Time: 08:25)

8
waveguide. Al the boundaries. the field quickly goes 1o zero due to the PMIL Layers, i we look carefully (click on the image io see a larger
view], we see somadhings else—ihe image is "speckied” iowards the right side. This is because, by lening on e curren

order modes|, and we have not wated long enough for them to die away, we'

), wit have excited high-frequency components |
wliminate thiss in the naxt section by tluming on the source more smocthiy

[ecst]
A 90° bend
Now, we'l siarl a new simulation whese we leok at ihe fields in a ben! waveguide, and wel do a couple of iher ings differently as well
I you are runniing Meep interactively, you will want o get rid of the ol structure and fiekds so that Meep wil re-initialize them
retet aeep)

Then let's set up the bent waveguide, in a slightly bigger compitational cell, via:

st geosatry-lovtice (ke lattice (aize 16 18 seesine)))

Note that we now have Mo biocks, both off-cantar 1o produce the bant

praveguide sucture pictured at fight. As ilustrated in '8, the origin {0.0)

Ihe coardinate system is at Ehe center of the computational celd, with positive

bing dowmwards in steeng, and thus the block of sze 12+1 bs centered ai |

3 161 Ak ahevan in mnssn b tha s nisne @ - - 7 (aaa Rl

So, for example, they consider a 90 degree bend in the waveguide which you would not be
solve analytically right. Now, what do you expect physically to happen I take a waveguide its

guiding a wave I bend it by 90 degrees what would you expect will happen physically?

Student: That will leak it out.

Some of it will leak not it will its not like a pipe of water that I bend it and all the water goes

out some of it will leak out that is what we will expect. So let us see what if our intuition is



confirmed over here. Now same thing they say make the computational domain as before 16,

16 and you have to make two blocks; one like this and the one the 90 degree bend.

(Refer Slide Time: 09:03)

(nat] geometry-lattice (sabe lattice (size 36 18 m-alne)))

Mt gesatry |

{make

(vat!] pad-leyers (1ist (moke pol (thickesss 1.80))
(4! Pasalotion 18)

Nota that we now have fwo blocks, bath ofl-canter 1o produce the bent
tad in the figure, the origin (0.0y

waveguice structur pictured at right, As |
o I COORSINGL SYEIM i & the canler of the computational cell. with poditive
¥ baing dowrnkards in k$tegny, and thus the biack of size 12«1 s contered at |

1.5, Als shown in green B the source plane al x = - 7 [see below),

W also need to shift our sowce oy = - 1.5 so thal it & still inside the
waveguide. While we're at &, well make a couple of other changes. First, a
point source does not coupke very afficienty 1o the waveguide mode, 50 we'll i
apand this im0 & Ene Bource thi same width &3 the waveguide by adding a

adze property ba the source (Meep also has an sigenmode Source feature

which can be used here and s covered in o separale tulonal), Second, instead

ol the source on suddanty al ¢ = i (which sxcies many other
Troquencies becaiss of the discontinutly), we will Famp it on Skwly (lechnicady,
Meep uses a tanh lum-on function) over a lime proportional 1o the sids of 20

tirm units {a little over thres periods). Finally, just for varlety, we'l spacify the . .

(VAEULEM) wavalengts Instead of th frequescy; again, we'll use 2 wavelangth
Bt wrnguida debctric funcion asd coordrate

such that the waveguide is half a wavelength wide.

yilam

So, they have shown it over here. So, one this way and one this way and they have done it by
specifying two blocks same material, but this coordinates are different PML resolution

everything as before ok.

(Refer Slide Time: 09:17)

Bant warvoguids dielecine funcion and coordinete

such thal the waveguide is half a wavelength wide. s
syt

<
angth (* 2 (sart 1210} (wideh 20)})

Finally, we'l run the simulation, Instead of runining sus

t=afisld-z only at the end of the simulation, however, we'llrun it at every 0.6 time

units {about 10 times pet period) via (st-every 8.4 output-atiald-z). By sall, this would output a separate file for every diflerent outpul

time, but instead we'll use angther feature of Meep o oulput to a single three-dimensional HOFS fike, where the third dimension is fime:
{ren-until 1

(at-sagining ovtper-spailen)
(tomappansed "a2" ¥ 0.6 evtpt-afiali-z)))

Here, “x:” detérmines the name of the cutput fle, which will be called 2, if you are running interactively of will be profixed with the
nami of the file name for a cf fle (8.9, tutorialea b8 for tutorial

that lests the contents of the HOFS Se), we get.

+1). Hf we run k412 on this fle {a standard utilty, included with HOFS,

Dataset {361, 361, 1VInf}

That is, the file contains & single datasel s that is 8 162« 162=330 array, where the List dimansion is time. (This is ratber a large file,
GAME: labe, vl Bl weltyd 10 recucs this $2e § we oaly want imaged. ) Now, wé R 3 niamber of choices of how 10 outpil the fiskds. To
command as before, but with an addiional -+ option o spécify the lime index.

oulpul a single limi sice, we can use the same xS

.- Wtepag -¢ 229 will output the kast ime siice, similar 1o before. Instead, lef's create an animation of the fields as a function of time




Now, to avoid that speckle phenomena what are they doing instead of turning the source on
abruptly they are making it no they are still using a what are they will continuous source
wavelength width so much yeah. So, what they are doing now is they are this instead of
turning a source on suddenly at t=0, we ramp it slowly over a time proportional to the width
of 20 time units. So, this width is equal to 20 time units is giving you the turn on time of the

source and the wave length is given to you over here.

Yeah. So, technically Meep is implementing this turn on function using tan hyperbolic
function and as I mentioned there is a open source we can go and look at the code and see all

that information.
Student: Ok.

And as before run it for 200 time units. So, let us see what the output looks like. So, there is

how the output looks like.

(Refer Slide Time: 10:26)

Here, we afe using an animated GIF format for the oulput, which is not the most efficient animation format (2.9, sz.mg fof MPEG formal,

would be betier), but it is unfortunately the only format supparted by this Wiki software. This results in the fallowing animation

LT )

Itis claar that the ransmission around the bend is rasher low for this Irequency and structure—both large reflection
visible, Moreovar, since wo aporating ane just barely below the cutol for single:
00N Maky i WavEQUIdE DN, Whose second-onder

ental mode) i appare

decays away, leaving us with the lundamental mede propagating dowrward,

Insiead of deing an animation, another interesting possébil
tha first waveguide branch a3 a function of time,

nake an image froma 1 ¢ | shoo. Hore Is the
1.4 g, which gives us 30 image of the sk

uniaX hbeopeg sy +38 o2 dhbleared a2.pd

So, yeah this we can see this is the animation at every time instant you can record the field.
So, you can see the field is going now it hits the bend and it begins to come into the lower

part of the bend, but most of it is getting leaked out at that interface ok



So, that is another very cool aspect of FDTD. If I store the E. at every time instant I can put
it all together and make gif file. So, what they are showing over here is a gif file we will see
the animation. So, then you can optimize various parameters if you want to minimize the

leakage and all of that we would not go into that.

(Refer Slide Time: 11:13)

radiated directly from the source and ight propagating around the wavaguide. To ba really confidant, we should probably run the
gimulation again with an even bigger cell, bul well call il enugh fof tis tuborial

Modes of a ring resonator b

As described in the Meep int anathes cormmon task for FOTD simulation i io find the rescaant modes-—frequencies and decay

rates—aol 50me glectromagne
Birategy.) Hare, we w
wiveguide benl

ructure, (You might want 1o read that intoduction again to recall the basic computational
ectiic cavity: 3 Fing resonator, which is simply &
ing. el file included with Meep.| In fact, since this structure has

cylindrical symmelry, we can simulate it much more eficiendy by using cylindrical coordinates, but for llustration here we'll just use an

ordinary 2d simulation

As bafore, we'll define some parameters io describe tha geometry, 50 thal we can easily change the siruciure:

(efina-pares pad &) | padding butes waveguise and sdpe of P
define-parsm doal 3} | thickness of B

Sefine sxy [*
(1421 gumatry

sad deml})) ;
{ma

How do wis miks & Clroutar waveguide? S0 far, wa'v only s8en bleck objcts, but Metp also its you specily cylinders, sphanes,
allipsolds, and cones, a5 well as user-specified deleciric funclions. In this case, we'll s bwo cylinder objects, one inside the other;

Then the final example I want to show you is modes of ring resonator ok. So, you all have
heard the word resonator it means that its a structure which is selective in frequency it allows
some frequency and it disregards the other frequencies. Now, supposing you want to design a

resonator to work at some frequency how will FDTD will help us in that.

Student: Ok.
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A3 described in he Meep inroduction, anather comman sk for FOTD simulation i io find the resonant modes—Irequencies and decay
rales—ol some electromagnetic cavity structure. (You might want 1o read that intraduction again to recall the hasic computational
strategy.) Hare, we wil show how this works for parhaps the simplest example of a defectric cavity: LBty which is simply &
VRGNS ben! into & circk, (The can be iso found in the sxessle/ring.ced o with Mieg I fact, since this structure has
cylindrical symmeiry, we can simulaie it much mone efficiently by using cylindneal coondinates, but for lustration here we'll jusi use an

oedinary 2d simulation.

As before, we'll define some paramelers 1o describe The geometry, 5o thal we can easily change the struciure:

(defing-param & 1.4} | in
(84 ina-param w 1] | wldth

define-param pad 4 ; peoding Swtween savepide and sdpe of L
(Sefine-parem dond 3) ; thickeess of PL

{Sefing sxy | o rw e
(411 gossatry-latvic (make L

3 el wize
{34 Sy 3iy Peesize)))

How do we maks a circular waveguide? So far, we've only seen bleck objects, but Meep also lets you specify cyfinders, spheres,

ellipsoids, and cones, as well as user-specified delectric functions, In this case, we'l L fwo cylinder objects, one inside the other;

sat] pal-Liyers (Lot (saka sal (thickrass dgal))))
(sat-param] reselution 18|

So, the let us look at the geometry over here. So, what have they done this they made a ring

resonator ok. So, what is the ring resonator? Take the waveguide from before join it into a

circle ok. So, we know that you know integer multiples of the distance around this are what

will be the supported modes ok. So, here we want to confirm that intuition over here now hm.

So, they have a you know the width of the waveguide radius all of these have been specified.

Yeah some, but 217 = nA, but A in the medium.

Student: Ok.
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Aa before, wel define some paramelens 1o discribe the geomedry, o thal we cin sasily change the #rtue

bl waveguideT S0 17, w've only 3860 bleck bRt bl Miap also Jets you ipecily cyinders, spheres,

ellipsoids, and cones. &3 well as user-specified delectric funcons. In this case, we'll e e cylisse obpects, one inside the ofher

Laster cbrjoci:

@ peosatry st lake precedence over (e "on lop of') sarker objects, 56 the second alr (¢ = | ) eylinder cuts a cheular

e ul ol the |ager cylinde

ing @ 1ing of width «

How, wa dont know the frequency of the mode(s) ahead of time, so we'll just hit the structure with a broad Gaussian pulse 1o excae all of
the (TM polarized) modes in a chasen bandwidth

So, they making a cylinder over here all of this is what you would do to make the object ok.
Now the question lies what should I if I excite this structure with the wrong frequency what

will happen?

Student: Nothing will happen.

Nothing will happen right the fields will not decay I mean the field will not decay I mean the
field will decay off it will not be a resonate phenomena, but once I designed a structure with
some epsilon if the and if the geometry slightly complicated I would know what the resonate

frequency is. So, how would I find that resonate frequency?

I can in FDTD I can specify a source after that what supposing my task someone gives me

structure and says find out the resonate frequency of the structure.

Student: Excite.

Excited with all frequencies right; so, that is well all frequencies is technically impossible
white band right. So, the step 1 is excite it with the white band ok. So, here they say they are
making a pulse kind of a frequency. So, they are saying a centre of the pulse is 0.15 in

normalised units and a df right and like a like we have discussed earlier they use a Gaussian



source. So, they give a Gaussian source where they specify the centre frequency and the

width.
Student: (Refer Time: 13:38).

Yeah so, they work these are physicist they work in a strange set of coordinate units where

speed of light is 1 ok. So, everything is normalized very nicely to 1 right.

(Refer Slide Time: 13:53)

(makcy cylinder [conter & 9) t
(radiun ¢} (material air))])

chrain dpal))))

Later obfocts in 1o geemetry i3t taka pracedence ovar (ie “on top of) aarker obiects, 50 1 $econd sir (¢ m | ) Cylinder cuts a circular
hale gut of the larger cylinder, leaving a ring of width «

Now, Wi don'l know the frequency of e mode(s) ahead of tme, 8o wal fust hit the structure with & broad Gaussian pulse 10 excte all of
the {TM polarized) modes in 4 chasen bandwidth

Finaly, wa arg ready % run the simulation, Th basic ides Is 10 run until the sources are finished, and then 1 run for some addonal
pariod of time, In that additanal period, we'll perloim some signak-processing on 1he fisds a1 some poind with Farminy 10 identdy the
frequencies and decay rates of the modes that were exciied

Thié: Sighal-procassing i performed by (he sirsle: Tancton, which 1akes fouf afguimants: the feld component (haie Ex) 4nd position (hefe

and & frequency FEnge ¢ y @ cantel frequency and bandwidth (hede, the same a5 the source pubie], Nots thal

0 anafyze the

uencies in the source-free system |

o rrinee @ arie o s (haninning with ssestaa. b makn it

So, it takes a little getting used, but once you get to used it is very powerful everything is
normal yeah speed of light is 1 wave length is 1. So, yeah whatever then you run it for some
time 300 ok. So, now, let us imagine we have done the simulation. How will you interpret the

output? Output will be fields that all times and in positions now what.
Student: (Refer Time: 14:20).

No, but we are exciting into the wideband, but I am not getting frequency information in my
FDTSs output is what E as a function of space and time below frequency. So, what do I have

to do?

Student: (Refer Time: 14:36).



That is yeah. So, he is saying go around the structure and find out where the nodes are that is
a very crude way is there a smarter way. Find out the Fourier transform I have the time
domain in the delta calculate the Fourier transforms that is the much smarter way it will give
me not just the frequency peaks, but also how resonate they are how sharp they are right. So,
these guys have a inbuilt function called harm inverse this is right this is like the inverse

Fourier transforms.

So, the simulation itself says that run your simulation for the 300 time instance at the end of it
after sources get over run the inverse Fourier transform at this position and some centre

frequency is given to you ok.

(Refer Slide Time: 15:25)

sat] werces (1t

ua graslan-are (fregunty foas) (faddmh of
et E2) (conmer (v ¢ 03] 0]

Finally, we are ready fo run the simulation, The basic idea s io run wnill the sources are finished, and then to run for some addBonal

period of time, In th al paricd, we'l perform some signal-pracessing on the fields at some paint with harminy i identsly the

frequencies and decay rates of the modas that wers excited

raneagurcaie 30

st-beginning o
ofrar-sawrcas {rarwiny E7 (vacterd (+ 1 0.1]) foen d¥,

|-prescessing is parfarmied by the siralav function, which takes four argumants: the field component (here g2 and position (here

alyre. and & Irequency range given by a center frequency and bandwidth {here, the same as the source pulse). Note that
sinco wo only want to anafyze the frequencies in the source-free system (the presence of a

). Al the end of the run, karsiny prints a series of ines {Deginning with kareima:, to make it easy 1o grep for)

listing the frequencies it found.

s arree
EMTRLIEL, B WMLIBBESMETE, -3, W)

4, BIBLISTEAIN0NLES, 0.0
BELILINT, W7 IS, -

FOLIMLTE-B BEISNIILAN RN, 1.8
5., 0211 s

16465000 nsi
Bbbdid - -0 MTLAAEA LIS, 1

Thare are six columns (in addition 1o the Libel), comma-defimited for easy import into otfser programs. The meaning of these columns s
as folows. Harr rzes the fields 1) o the given poind, and expresses this as a sum of modes {in the specified bandwids)

So, again this is something that they have coded and output comes in text. So, you can see
that when they do this the peaks are extracted out. So, you get 3 peaks. So, that is the
frequency and the Q the quality factor right that tells me if you have studied this before the

quality tells me how good the resonance is.

So, the Q factor also comes out. So, for example, the first mode have the Q of 80 then 300
and then 1677. So, 1677 corresponds to the Q which lasts the longest ok.
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- -4 (B
[ 3 - & 8
W0 WrAs harmlay 0 (Wfter-sewriel ... ), BNCE we only wanl 1o analyze the Meguencies in e source-Nee system [Ihe presence of &
Eoufce Wil distart the analysi), Al the end of the fun, kerele prinks 3 sédes of nes (beginning with samime., 1o make i éasy 10 g )
Tnding itve frequencies i lound:

harminds, frequency, lmg. freg.
himladl, 8, LLATOLSTSMAS, o7
harming:, 8. LATLEAHSINN,
hirwing;, 8, ITIIATMILIND,

@ O T I0A1TE B BR1SRAILARIRIASRSL
" M, 7.

8
B LTI 1 -4, BTLESMENLATNNNEL, )

o B
WTILLI, -

Thare are six cokimns (in addition 1o the Labal), comma-delimited for eawy import into other programs. The maaning of these columns is
o3 follows, Harminy analyzes the fields 1) at the ghvan point, and expresses this as 3 sum of modes (in the specified bandwidth)

fH-=ZaM””

o Complx ampludes o, 400 complen Irequencies o, Th Eix COLIMNS fetale 1o Mebe quaniies, The firsl column s ihe /ed pan of u,,

exptessod in our usual 2nc units, and e second columin is the imaginary pari—a negalive imaginary par comespends to an expanantial
decay. This decay rate, for a cavity, is more often exprassad as a dmansioniess "Wietime” (), dafined by

-2mw
({7 s ihe numbsor of optical paricds for the snergy 1o decary by expt - 22, and | (7 s the fractional bardwicih o half-maximum of the
resonance paak in Fourber domain, | This {7 s the thind column of (he output. Tha lourth and fifth columna ate the absoluts value | 5, and
complex ampliudés 4, The kst column ks a crude measue of fhe edol in e frequency (both neal and imaginary).. I the éfror i much

Larger than Bhe imasginary part, for example, then you can't irust the (710 be accurate, Nole: ihis srmi i only fhe uncenainty m the signal
processing, and tells you nathing abaut the srrors from finits resolution, finits call size, and 3o ond

AR inferesling question is how long should we fun the simubation, after the sawrces are humed off, in order o analyze the frequencies.

And so, there is some theory of a inverse Fourier transform, but you all know that.
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I this cae, vt found three modes in the specified bandwith, a1 fraguencies of 0,118, 0.147, and 0,175, with coresponding { values of
B1, 316, and 1677. (As was shawn by Marcatil in 1960, the (7 of a ring resonalor incredses exponantialy with he product of w and fing
radiys.) Now, suppose that we wani to actually ses the fiekd patiems of these modes. Mo problem: we just re-run the simulation with a
narrow-band source arcund each moda and oulpui the field ai ihe end,

Ins pearticubar, 1o output e field al the end we might sdd &0 (i-es setper-eflaldz) MIOUMENT B OGF Fun-sswrcass function, but this is
probleatic: we might be unlucky and outpul at  time when the £, feld i almost berd (Le. when ail of the energy i in the magnetic
T, in which case the pacture will be deceptive. [nstead, at the end of the run we'l sulput 20 field snapshats over a whale period 1
by Bppending the command.

1 fean) (ateavery |/ 1 fom 20) eutput

N, Wil Can Qat o modes Just by running #.9.
unled ey foased 118 d5e00 ring.ctl
Aher sach ane of thess commands, we'll convert the fieids into PNG images and thance into an animated GIF (as with the bend movie,

above), via;

ALY WSO -RIC Eblieel -C PIAZ-4b1-DMINL BN lnd-dn-.h
WAL comvart FiRg-a-t.BA] FLag-ar-b. 118, g1

Tha resuiting animations for (from left \o right) 0.118, 0,147, and 0.175, are below, in which you can clearly e the radiating fisids that
produce thi 03ses;

And so, the next thing I could do is pick each one of those frequencies and re run the
simulation with the narrow band at those frequencies that will excite only that mode and not

the others right.
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Tk T e T

Now, we can get our modes jusi by ruaning e.g
ek meap foeed 110 el bl ring.cil

Aher each one of these commands, we'l convert the fields into PNG images and thence into an animated GIF {as with Ihe bend mavie,
above], via

VALY PR R

BBl -€ PUAg-4pi-BNINE, 00 RS FiAg-az-* bS
unlel eomvurt 1l f

n*.png risgazd. 130, gl

The resuiting animations for (from left 4o right) 0.118, 0.147, and 0. 175, are below, in which you can clearly see the radiating fieds that
peoduce (he losses:

e 2 O

[Each of thasa modes is, of course, doutly according 1o the of the C'“, symmeiry group. The other mode
s simply a slight rotation of this mode b make it odd through the « axis, whereas we excited only the even modes due 1o cur source
svmimeiry, Eculvalanty. cne can form clockwise and counier-clockwise propagating modes by taking linear combinations of ihe sveniodd

So, what they are showing here are those three modes. So, the first mode the second mode
and the third mode and these are again gif files produced. So, this is you can see this had the

lowest Q right.
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e L -4 [

CUSIIGATN WSS i, TP SASE CUSNTNT £ 3 GTUGHE TRAESUN U1 LI BN 1 B 1T |00 10l L RISy . 0 (1 1100 i
Larger than the imaginary part, for exampie, then you can't trust the (710 be accurate, Note: this emor is anly the uncertainty in the signal
processng, and telts you nathing about th srroes from finite resolution, finite call size, and 50 onl

An interesting quession is how long should we run the simulation, afler the sowces ane tuned off, in order 1o analyze the Fequencies
VWieh tracitional Fourier analysls, tha tima would be proporsonal to the requancy resclution requirad, but with harmin e time s much
shorted, Hare, fof xample, hire are e modes. The last has 3 (0 of 1677, which means that the mode Secirys for about 2000 pariods
of about 20000175 = 10* ma units. We have only analyzed & for about 300 ime units. however, and the estimated uncertainty in the
Trequenscy Is 10" {with an actual mmor of abaut 10 ®, from belaw ! In ganeral, you need 1o incredss the run time 1o gét more sccuracy,
10 findl vy Piigh © valuss, bt 1t by much—in our own work, we have succasalully found 0 = 10° modes by analyzing only 200
periods,

In this case, we found ihres modes in the specified bandwish, al frequencies of 0,118, 0.147, and 0.175, wilh comesponding ( values of
(As was shown by Marcatil in 1060, the (7 of a ring resonator increases rpananiiafly with the product of w and ring
radius. ) Now, suppose that we want to actually soo the field patterns of these modes. No problam: w just re-run the simulation with a
narmow-band source around sach mode and output th fieid a1 the end

I prarticiutar, 10 coutput th Rkl at ihir nd we migh! add &0 (rt-esd ectevt-ofiald-z) EQUENT 10 O Fun-soercess NCH0N, bt tis &
problematic: we might be unlucky and outpul at a ima when the £, field is almost zero (i.e. when all of the enargy s in the magnetic
fied), i which caise the picture wil be decepiive. Instead, at the end of th fun we'll sulpet 20 feld snapshots over 8 whole pericd 1t
by appanding the eommand:

(reneunedl (4 3 fean) (ateavery (/3 fom ) sutputeafialecz))

Row, we can get our modes just by running ¢.g.

imf¥d meen frema 118 #uR ¥ sine v1

What were our Qs 80316 and about 1600. So, this is the lowest Q and that is you can see that

a lot of the field is leaking out right outside the waveguide outside this resonator lot of field is



there as the Q becomes larger and finely larger over here. Here the field is much more

strongly concentrated inside the resonator.

Student: Right.

So, I have made a structure and I am able to identify these are the resonant modes by using

simple FDTD and inverse Fourier transform signal processor ok.
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Thea tesbuling animations for (from keft 4o right) 0.118, 0.147, and 0.175, are below, in which you can ciady 26 he raditing feids hal

PO

[Each of ibese modes is, of course, doubly-degenerale according io the representations of ihe f_":ﬂ symmairy group. The offer mode

produce the losses.

i simply & $5ght rotation of this mide 1 make | odd hicugh e v axis, whedeas we excied only 1he even modes du 10 Gur Soure
symmetry. Equivalenly, one can form clockwise and counter-ciockwise propagating modes by taking linear combinations of the eveniodd
modes, comesponding an angulal ¢ dependence _.5‘-""-\ form=3, 4, and 5 in this case.)

Yiou may harve naticed, by te way, that when you run with the narrow-bandwidth Source, rereisy gives you sightly differsnl frequency
and (7 estimates, with a much smaller esror estimate—this is not oo strange, since by exciting a single mode you generate a cleaner
signal that can be analyzed mone accurately, For example, the narmow-bandwidth source for th o = 0,174 mode gives:

harmlnd:, 8 ITIMTEMGNITIE, -5, LLALESNIEIN-0, 10B1 1IRBRNNON, 8. 16051E4ITENBM, 8. LITEZSNLUDDMAL-0, LISEMIIARNALTL, 7. 050N

So, that is to sort of show you what should you say in practice how would you use FDTD and

is very very powerful design any structure excite any fields right. And, they have lots of other

solid examples for photonic crystals and other structures like that and its easiest to run it on a

Linux machine. So, let brings to an end this demo work on FDTD.



