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= Introduction: history background, application areas
= QOverview of FDTD method

= Install FDTD Solutions
» Features of FDTD Solutions

= FDTD Solutions work flow and examples
= Simple example

= Advanced example

= Workshop

= Review and tips



Goals

Understand the types of problems that

require FDTD Solutions.

Learn the fundamentals of the FDTD

algorithm
Learn the basic features of FDTD Solutions

Gain initial experience using FDTD

Solutions



Introduction: History and Background
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Introduction: History and Background

IDpticaI Design Products

A

FDTD Solutions »

Single- and mutti-processar finite-
difference time-domain (FOTDN
optical design software. Advanced
material modeling, non-uniform
mesh support, and robust parallel
processing make this industry's
mast capable optical simulstor.

Procuct information #
Applications library k
30-day trial dovwnload #
[registration required)

MODE Solutions »

Accurate and flexible mode solver
technology for the design and
analyzis of guided-wave optical
devices. s intuitive user interface
allowyz component designers to
guickly prototype newe device
concepts.

Procduct information k
Applications library k
30-dlay trial dowenload k
[registration reguired)

Lumerical empowers
designers with best-in-
class optical design
software and support
services to develop next
generation microf
nanoscale photonic
technologies.

—
@mer EUEEESSQ

Az devices shrink, choosing the
appropriste design technigue is
crucial. Lumertical delivers easy-to-
use design software for microscale
optical components.

K.¥. Kim, Samsung

"FOTD =olutions is & povverful
optical simulation package that
offers efficient parallel computation,
an irtuitive user interface, and a
versatile scripting environmerit .

Y. T., tlympus

"[Lumerical'zs] technical support is
gecond to none.
E. Chow, Agilemnt

"Lumetical provides extremely fast
gingle and mutti-processor
software to speed vour design
effortz.

H. Greiner, Philips

"The ease with which newy design
concepts can be tested using
Lumerical's software iz a
refreshing change from the usual.
5. Bidnvk, Enablence

I Technology Trends

FDTD Solutions 500%%+
faster via Intel’s Nehalem »

Relatively inexpensive computing
zystems, like the the Xeon 5500
series HPC workstation tested,
offer tremendous 6-fold speed
improvements over processors only
12-158 morths alder.

FDTD Solutions leverages
new multi-core processors #

Recernt benchmarks of FOTD
Soldtions on Intel's Core i
processor demonstrate a Stimes
performance improvement when
running in parallel. Read what iz in
store for parallel computation on
these new multi-core processors.

s —=

L\iH.J

Overcoming the Multi-
Wavelength Challenge »

A zingle time-domain simulation
delivers accurate broadband
rezults, but only it the materialzs
models are accurate over a wide
wavelength range. Learn howy
multi-coefficient materialz enakle

PRSP TR AR | [RPPRS [R [P Jupyy

Featured publication list k

I Lumerical News

I FDTD Solutions Training

March 17 & 18th, 2010
Taiwan k

March 29 & 30th, 2010
Werzhurg, Germany

I In the Literature

"FOTD-bazed optical simulations
methodology for CMOS image
zensors pixels architecture and
process optimization”

"Design principles for particle
plasmon enhanced salar cells"

February 22nd, 2010; Lumerical
partners with the MMINAC st Harvard
University to boast Us-bazed
nanophotonics research. More

February 3rd, 2010: To benefit UK
aoademic researchers, Lumetical
Salutions has donated ten FDTD
Solutions Engine licenses to
ScotGrid, one of the largest grid
computing sites in the United
Kingdaom. hare k

Movermber 19th, 2009; Lumerical
donates FOTD Engines to
ComputedCaloul Canada, enabling

ﬂ Internat



Introduction: History and Background

Cu:untau:'t details

Privacy policy
Site map

Total SCI
papers:

(2003-2010)
~300

Biophotonics » Can't find your paper?

lrmaging »

Integrated Cptical Devices, Cavities, and Lasers » Cortact Technical suppart with the citation
Lighting and Display Applications » and we will add your paper to our list belaw.

Metarmaterials »

bicrostructured Optical Fiber Devices »
Movel Applications »

FPhotonic Crystal Devices »
Photovoltaic Solar Cells » 158

Surface Plasmon Devices »
’ llII
T m l

& &S F P

Featured Publications

Biophotonics

K. &zlan, M. J. R, Previte, Y. Zhang and C. D. Geddes |, "Mictowave-accelerated surface plasmon-coupled directional
luminescence 2 A platform technology for ultra fast and sensitive target DMA detection in whole blood " Journal of
Immunological Methods 331, 1035-113 (20057

M. H. Chowwdhury, S, K. Gray, J. Pond, C. D, Geddes, K. &zlan, and J. . Lakowicz, "Computational study of fluorescence
scattering by silver nanoparticles " J. Opt. Soc, &Am. B 24 2259-2267 (2007 bitpc tfeeseswy opticsinfobaze orglfabstract ofm?
Rl=jozah-24-9-2259

M. H. Chowedhury, J. Pond, 5. K. Gray and J. B. Lakowicz, "=ystematic Computational Study of the Effect of Silver
Manoparticle Dimers on the Coupled Emission from Mearky Fluorophares", J. Phys. Chem. C 11203070, 11236-11249 (20037,
hitp: fhubs acs orgicgi-hinfabstract cgifpocck2005M 1 205308 bzipS 0241 4k himl

Mustata H. Chowdhury | Krishanu Ray, Stephen K. Gray, James Pond and Joseph R, Lakowicz, "Aluminum Manopatticles as
Substrates for Metal-Enhanced Fluorescence in the Ultraviolet for the Label-Free Detection of Biomolecules " Analical
Chemistry 2009 51 (4), 13971403

. Mandal and D. Erick=zon, "Manozcale optofluidic zensar arrays " Opt. Express 16, 168231631 (2008)
hittp itaenevy opticzinfobase orgfabetract cfm?URI=0e-16-3-1623

a Internet



Introduction: History and Background

domain optical design software.
|

* FDTD Solutions: Single and mulii-
m processor finite-difference time-

MODE Solutions: Waveguide
eigenmode solver and omni-
directional broadband propagator
design software.

I

INTERCONNECT. Optoelectronic
and photonic integrated circuit (PIC)
design software package.

I

U DEVICE: Powerful semiconductor

TCAD device simulation sofiware
for silicon-based optoelectronic
structures.

———

Our products have
been

- With
references growing
faster than 70% per
year, the photonic
research and design
community is
increasingly selecting
Lumerical as their
design software
solution of choice.




Introduction: Example Application Areas

Biophotonics
Surface plasmon devices
Nano-particle scattering
Integrated optical sensors

Lighting applications

OLED/LED light extraction optimization .
Emissive calculations
Display technology .

Nanowire grid polarizers
Digital micro-mirror devices

Optical communications
Ring resonators
Optical waveguides
Optical filters
Photonic crystal micro-cavities

Photonic crystals vertical cavity surface -
emitting laser (PCs-VCSEL)

Optical sensing and imaging
CMOS/CCD image sensor pixels
Near-field microscopy
Micro-optic tips

: Phase contrast microscope

Optical storage

DVD surface design, Blue-ray

Semiconductor manufacturing
DUV lithography simulation

Surface plasmon resonance
interference nanolithography

Metrology for wafer and reticles
inspection

Solar cells and photo-voltaic cells
NRI-based components
Optical tweezers



Wave Optics vs. Ray tracing

Commercial software for Wave Optics vs. Ray tracing:

Code-V, Zemax, OSLO, ASAP etc.

Question:
What features are common points among these applications?

(When do you need to use FDTD Solutions?)

Answer: ???

10



Wave Optics vs. Ray tracing

Source A = 0.55 um

11



Wave Optics vs. Ray tracing

n=1

Snell’s Law gives
0.:41.8°

P>>A

12



Wave Optics vs. Ray tracing




Wave Optics vs. Ray tracing

Conclusion:

You need FDTD Solutions when
feature sizes p are on the order of

a wavelength p~A, and p<A.

14



Overview of FDTD algorithm

TOPICS:

Maxwell equations

Yee cell

Time domain technique

Fourier transform

Requirements of computational memory size/time
2D vs. 3D

Advantages of the FDTD method

15



Maxwell’s Equations

Describe the behavior of both the electric and magnetic fields, as
well as their interactions with matter.

Name Differential form Integral form
Gauss’ law WDZP j(]]-dﬁ:/p-dlf
s V
Gauss' law for magnetism
(absence of magnetic V-B=0D B-dA =10
monopoles): g
N oB
Faraday’s law of induction: |/ w B, = _E ng dl = — —fB dA
Ampeére’s law oD d
(with Maxwell's extension): VxH=J+—+ Y ;H'dhLJ'dAJF %LD'dA

16




Maxwell’s Equations

Symbol

Meaning

Sl Unit of Measure

=

electric field

Volt per meter

magnetic field
also called the auxiliary field

Ampere per meter

electric displacement field
also called the electric flux density

Coulomb per square meter

magnetic flux density
also called the magnetic induction
also called the magnetic field

Tesla, or equivalently,
Weber per square meter

free electric charge density,
not including dipole charges bound in a
material

Coulomb per cubic meter

- | ™| W g =

free current density,
not including polarization or magnetization
currents bound in a material

Ampere per square meter




Wave Optics — Free space plane wave

In vacuum, without charges (p=0) or currents (J=0)(GCIE=q])

Maxwell’s equations have a simple solution in terms of traveling
sinusoidal plane waves.

The electric and magnetic field directions are orthogonal to one
another and the direction of travel &

The E, H fields are in phase, traveling at the speed ¢

y

‘k

W l'I L 2

2 H

18



Wave Optics - Simple Materials

In linear materials, the electric flux density D and
magnetic flux density B fields are related to E and H by:

D =¢E
B =4,H

where:
£ is the electrical permittivity of the material, and
H, is the permeability of free space, ,=1 here.

Note: FDTD Solutions does not allow for magnetic materials

19



FDTD ——Concept introduction

= FDTD algorithm: was put forth by K.S.Yee in 1966. It

directly solve Maxwell equation using differential equations to
solve the problems of beam propagation in medium, reflection,
and transmission.

Basic idea: based on finite element method, using Yee cell to
calculate each spatial node. Meanwhile, the nodes are alternatively
sampled for E and H calculation. Thus Maxwell wiring equations
are changed to be discrete differential equations. Calculation is
greatly simplified compared to previous solving wave equation.

Methodology:

FDTD algorithm directly replace differential form of Maxwell
wiring equations using finite differential equations to obtain finite
differential formula for field components. Using the same electric
parameters to simulate the targets, selecting suitable spatial
boundary conditions and fields initial values, obtain E(X,y,z,t) In
time domain and 3D spatial domain after FFT.



Basic principle of FDTD @ﬁ““m

Vector equations:

;i—f——ﬁ[\:’xﬁ-nh}]

S -lexii-af]

From Maxwell wiring equations to ;
deduce 6 coupling equations

6 scalar equations: ¢H, _1

Maxwell I F2 4

-

GE, GE.
€z v
¢E. CE,
cx 0z
-y -
ck, c¢L,
&y Cx
cH. cH,
v cz
cH.  ¢H
0z X
E‘HJ cH
v Cy

—sH,]

_35.,]




FDTD ——concept intrduction

FDTD basic equations

I'lz(t;x,y+Ay,z)_Hz(t;x,y—Ay,z) . Hy(t;x,y,z+Az)_Hy(t;x,y,z—Az) y Ex(t+At;x,y,z)_Ex(t—At;x,y,z)
X A7 = o(xy.2) At
Hy(t;x+Ax,y,z)_Hy(t;x—Ax,y,z) 3 Hx(t;x,y+Ay,z)_Hx(t;x,y—Ay,z) _ ) Ez(t_At;x,y,z)_Ez(t—At;x,y,z)
2AX 20 = &y At
I'lx(t;x,y,z+Az)_Hx(t;x,y,z—Az) B Hz((t;x+Ax,y,z)_Hz(t;x—Ax,y,z) _ ) Ey(t+At;x,y,z)_Ey(t—At;x,y,z)
QA1 2AX = &xy2) At

22
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The Yee cell

Spatially stagger the vector components of the E-field and H-field about
rectangular unit cells of a Cartesian computational grid.

Kane Yee (1966).
. Antennas and Propagation, IEEE Transactions on 14: 302-307.

24


http://ieeexplore.ieee.org/search/wrapper.jsp?arnumber=1138693

FDTD—FIinite-Difference Time-Domain method

FDTD directly solve Maxwell equations: vector method

OB oD
—=_VxE ——=VxH VeD=p VeB=0 D=gE —
b~ = eD=p Ve D B=uH

Firstly, discrete E A1 H in time domain

n 1 )
E(ty— E™ H(@t)— H"?™
Basic stepping relation in FDTD:
E?‘H—l — _l_avanJrl/Z

H?’f+3/2 — HHH/Z + ﬂv XEHH Frog jumping—data iteration,

No need to solve the matrix
EU —_— HI/Z —_— El —_— H3/2 —_—

Accuracy in time is: ~ At?

25



How the FDTD method works?

In order to make sure stability of time step in the long time calculation,
time increament At should satisfy the following formula:

]]]].]7. <AX min. )A.V min. »’AZ min. > -
2c

are variable, select the minimum value

At =

i-e-: if AXmin, Aymin’ AZmin
for the time At calculation.

“Auto shutoff ”function to ensure the
time in the software of FDTD Solution

26




FDTD Solutions: unique features

= Fastest
: Parallelism/very short pulse/automatic grading mesh/BCs/(real E,H)
= Accurate
: Full-vectorial accuracy (staircasing: average & 1/07?)
= Multi-wavelength analysis & Broadband
: Accurate broadband modeling of dispersive materials and devices
= (Geometric objects

: Representation of idealized and manufactured devices (surface
roughness, from images of the fabricated structures, AFM, GDSII)

=  Multimedia and other monitors (Much smaller resulting file size ')
= User-friendly interface, better data input/output
= Ability run and analyze many simulations
— Parameter sweeps
— Optimization
— Yield calculations

= Various excitation sources
**Focused light beams

= Coherent, Incoherent

» Polarized, unpolaried



2D vs. 3D

= FDTD simulations can be run in 2D or 3D

2D: Structure is infinite In
Z direction




Computational Resource Requirements

How can I estimate the computational resources needed for
a given simulation?

Items 3D 2D

Memory

~ . 3 ~ : 2
Requirements V- (/dx) A~ (Adx)

Simulation Time ~ V- (A/dx)* ~ A - (A/dx)3

(8Ax8Ax8L) box | (1001x1001) area
Example : 50 MB : 25 MB
: ~30 seconds : ~30 seconds

29



Procedures Using FDTD Solutions: four steps

» Define the physical structures

:  This will be used to create & (permittivity) for each cell within the

computational domain.

: Typically, the material is either free-space (air), dielectric (glass,

polymer,...) or dispersive (metal, semi-conductor,...)

= Define a simulation region

: This is the physical region over which the simulation will be performed.

» Define a source of light

: A light beam or a dipole source

= Define monitors to record data

30



FDTD is a time domain technique!

* The simulation 1s running to solve Maxwell’s
equations 1n time to obtain E(t) and H(t).

* Most users want to know the field as a function of
wavelength, E(1), or equivalently frequency, E(®).

* The steady state, continuous wave (CW) field E(o) 1s
calculated from E(t) by Fourier transform during the
simulation.

TS}'m

E(w) = fe’*‘“"E(z)dr
0

See section on Units and Normalization of Reference Manual for more details:

©® 2010 Lumencal Solutions, Inc. 31




Advantages of the FDTD method

Advantages

Few inherent approximations = accurate

A very general technique that can deal

with many types of problems.
Arbitrarily complex geometries

One simulation gives broadband results.

32



New version improvements

FDTD Solution7.0:

RHBEO0~NOo OE W

= O

FDTD Solution7.5: L

2.
3.

33


http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#parameter_sweeps
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#optimization
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#object_library
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#mac
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#win7
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#conformal
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#simplified_installation
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#pml
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#gdsii
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#analytic_material
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p0.php#other_script_commands
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p5.php#distribute_sweeps
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p5.php#movies
http://www.lumerical.com/fdtd_online_help/ref_new_features_7p5.php#other_script_commands

New version improvements

FDTD Solution 8.0: 1.User-defined dispersive, gain, anisotropic

& nonlinear materials.

2. Built-in y(%) and paramagnetic materials

3. Non-diagonal anisotropic materials
Including liquid crystals and magneto-
optical materials.

4. Improved analysis and visualization tools
with the Results Manager and Visualizer

5. Modal expansion monitors with arbitrary
rotation.

6. Mode sources with arbitrary rotation

34



Example, ring resonator

\) Lumerical FDTD Solutions - 2D Layout [C:/Program Files/Lumerical/FDTD/examples/ring.fsp]

File Edit View Setting Simulaton Help

Sim IJ|.:|tI in ourc Manitor:

A

T
LA,
F. -

L-------------J
HNEEEEEEEEEEEEEEEEEEEEEEEEE.
=F!!!!!!!!!!!!!!!!!!!!!!!!%=

i
]
i
i
i
i
i
]
i
i
i
i
]
i
i
i
i
]
i
i
B




Example: waveguide ring resonator

S
=
vy (microns)

e
'
./'/" \ 5
Ni \ -
| ( ) Fourier - D 2
\ | Transform < (ricreres)
———e

|
S
y (microns)

% [rmicrons)
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Example: waveguide ring resonator

?.\ﬁ Figure 1: E]@]-‘~
File Setting
]
1.0F |
q | through
ne
.| \
@ 06 -
E
L
= 0.4 |
nzd / drop
D'D1.45 1.52 1.66 1.60 -
wovelength {rmicrons)
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Install FDTD Solutions

= We will now take a quick break and install FDTD

Solutions on your computers.
= A portable license will be used.

= You will need a product CD and Hardware Key.

38



Function of import image
ol - ' ‘l;, .




Function of import image

- 2

sSewst WIS MI1A IPIS
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Function of import image

Height Angle Surface Normal Clear Calculator

5.00 550.0 nm Height

.. AFMimage

fb-90.000

— ¥ _~‘



FDTD Solution onsite demonstration

\ \\\y FDTD Solutions 7.5

42



FDTD Solutions 6.5




FDTD Solutions Features and Workflow

Starting FDTD Solutions
Basic program layout
Structures

Simulation region
sources

Monitors

Analysis

Script commands

—;[ 1. Create Physical Structures ]4_

v

[ 2. Set Simulation Parameters

J

v

3. Define Sources

.

4. Define Monitors

—

'

5. Run Simulation

)

Parameter
sweep?

( 6. Plot Results and Analyze Data ]

v

_[ 7. Switch back to the Layout Editor ]




Features — General layout

xz;eergiles } e | Create object

8 xbres Mw'mn'wws

LIRS e o8 a» 00

oA
Objects Tree ® X XYvew
Al
o “l_:l}"—" vy *
A A A
LAA
= ¥ Stucthures
o J "
W rectangle "
\ s surface .
4
r“ -
-\ .
3
2

Toolbars
o S jaton
f -
4 Sources
o Montors

POSITION x

Align object

(L TEEE

& X Perspective view
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Structures

'\'\ Lurnerical FOTD Selutions - 30 Layout [C:/Users/ckopetski/Desktop/Structures.fsp)

File Edit Wiew 5Setting Simulation Help

Structures Simulation Sources Manitors

ER 0O

ﬂl:n1n=rt., Tree

Yy |.=.k|

Y
Lk

= Structures
&) ring
rectangle
59 custo
pyramid

@ polygon

@ :phere

=¥ Simulation

& Sources

¥ =4 Monitors

POSITION

& * Perspective view




Simulation

Add simulation or mesh Auto shutoff -
refinementregion

Simulationtab

Morvias

Otrects Tre B X XY vew @ X Peroectee vew # x

EDITtool [l = % » ;

| 5
! o Sedyton

B FOTD T -

fath K

=y

Simulation - . ' - £ ’

A A 7 0 190 I 11 10 - Graphical
section in TS . P

: == amroam | g depiction of
obiecttree

53 A2 vew & X 12 ven simulation
region

)=
v
7

rr e W ! {1 'S ! | 1P IS P " [ 1 IS

r
- Sources

o Morvaors
| POSITION « v .




Boundary conditions

PEC (Perfect Electrical Conductor) : E is continuous where
perpendicular to the boundary; E=0 for parallel case; Opposite for H.

PML (Perfect Matching Condition) : eliminate the influence of
scattering field on calculation results. In this case, € and p satisfy:

o o
Periodic boundary condition o Ho
Symmetric

Anti-symmetric

Bloch Boundary: Plane wave obligue incident to a periodic structure.

Metal boundary: diagnose the cause of calculation divergence.

48



sSources

Setglobalsource

I Sources tab |

properties

Sources section
of object tree

X3 view

| | Arrowshowing
, source injection
»» | | direction

Create sources

| | | i1
. .‘?—T-. - 7?“:‘ > — -
: ); ! - T |
' see bl BED SEN SE GBS | .-T—-I.._
T TR .-
LSS IR T .- -
?-4»-’—.—.—.—.—.—-—‘..’-—0—
CRPEm ww @ ) v P ) o @ P ——
10 O O
proe- 9w o - NS NS . .;_;_ =0
e g o gm e s - ‘-—‘. .
U 0 0
B B B L4 1
- - 1 " -

B X Porspectve view

§ X 72 vew

s X
) =
~—
“ .- J'.
Source
injection
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sSources

FDTD Solutions has a variety of sources available:

Basic Sources

= Dipole

= (aussian beam

= Plane wave

= Mode

Advanced sources

= Total field/scattered field
= |Large NA source

= ASAP (with aberration)

» User-defined

Spectrum v velength

A

wcwelength (mmr{:}rﬁa

Spectrum vs frequency

E?EA,

0.2 0.5 08 et
frequency (THz)

Signal vs time

0.5

-0.2

-0.49
1] 12 24 36 48

time (fs)

50



T™ TE

51



Gaussian and plane wave

52



Mode source

53



Total-Field Scattered-Field (TFSF)

54



Monitors

Set global monitor
properties

Create monitors

o velses |
-3 El
Qs Yer

Edit
monitors
& “laton
\ o Sourom
, & o Moy
N monterd]
'\. m,n‘:_':
12 N
4 4
v
7
’
rr
4

1 PONTION «

Monitorstab

@ X Perapectve vaw

-y

X v

B X 1Ivew

fx

Pointtime-domain
monitor

Frequency-domain
field profile
monitor




FDTD Solutions has several monitors

= Index monitors to record material properties
= Movie monitors to create mpg movie files

= Time monitors to record electromagnetic fields
as a function of time

= Frequency monitors to perform Fourier
transforms during the simulation

- Profile monitors

: Power monitors (generate accurate values)
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Index monitors

The true structure

1. B EA R B e 2 75 IR

2. BB AT KA HITF M A%
BE.




Use movie monitors for

= visual aids in presentations!

= observe dynamic light interaction
with the structure

= to develop intuition for what the
simulation is doing

= t0 make sure the simulation is
doing qualitatively what you want

/
-

]

—.:

) L'_'_II.K-_"_F-‘.I- 1.'..l-
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Time monitors record the electromagnetic fields as a
function of time, E(t) and H(t).

= Normally we only record the data at one point.

= Sometimes we record data at a plane or over a volume at a small
number of points in time.

= \We can use time monitors to (B )

: Ensure the simulation has run long enough.

: Look for resonant frequencies (spectrum) by doing a fast Fourier
transforms (FFT) of a time signal

¢ Find modes of resonant cavities

e Band structure calculations (slab-based photonic crystals)
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Frequency monitors

Commonly used for most designers/researchers!

Frequency monitors are used to perform Fourier transforms
while the simulation is running.

Functions:

: Transfer from the transient-state time domain to the steady-state
frequency/ wavelength domain.

: Obtain data at many wavelengths from a single simulation!
: Each vectorial component (E and H) is treated separately.

: Wavelength range must be specified in advance.
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Frequency monitors

= Quantitative monitors used in simulations allow us to
calculate:

: transmission

: reflection

: absorption

: scattering

: spatial field profiles

: far field projections

: local (near) field enhancements
: light extraction enhancement
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Run simulation

—— e e e

Fle [de View Wﬁgr}n@

Run simulation

:gezl

Parallel options

s, W Shuchres
J
o Sedaton
\ - Sources
N | 4 Morns
N monsord
37 3 menzo
e v montos
o
Simulation
toolbar

Check memory
requirements
and material fit

o Check memory regurtrmerts

v Materal Explotes

Rn paraliel FOTD

Set paraliel options Perspective vew ® X SorptFle Edtor
—=ov. E A 8
rated uf
K ) 3 ;
. ) ~ Use script file
XZ view & X YZyew & x editortorun

-~ * - [ . -~ | - - .~ " . .~
ARG ABBA T T L BB BB AERN ABEA T T L AR aAE -

Use script prompt
torun
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Basic Analysis

Analysis & | Select monitor
Data to analyze
Monitor | Tim
Select Monitor Normalize monitor power to source power (DFT only
Datato Analyze V| Convert frequency to wavelength
FarField Settings
\ Monitor Properties | | Far Field Settings K"//
Data to output | Field vs time v
Ny .* :
Component lEﬁtzniaty v |
x (microns) 1.00625 ¢ ’
y (microns) 0.373473 ¢ ’
2z (microns) 0 ¢ '
Frequency (THz) ¢ .
Wavelength (microns) ¢ ’
Time (fs) 0 ¢ ’
| Plot data Export data

PlotData linear scale flename data.txt Export Plot Data
\m_ gt Bt
: Script File Editor | Analysis k

Analysis Tab
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Advanced analysis with scripting

\) Lumerical FDTD Solutions - 3D Layout ESHEE T

C ¥__Script File Editor___“Naacoine help B nght CIICk On
= m\ Simulation L Sources [ Monitors | Analysis \

—m ey T [EEEm || menu bar (or use
x| View menu)

File Edit View Setting Simulation Help

<

Objects Tree

& X XY view & X PE
Edit Toolbar
Mouse Mode Toolbar

View Toolbar

| hello.Jsf |
?"hello world.™;

Simulate Toolbar

S SIS | S

Search Bar

& X YZview

™ Script file editor

i | [=¥ Monitors

!Q. o e Script
J <
prompt
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Basic Scripting

TOPICS

= The script window

= Simple mathematics

= Interacting with FDTD Solutions
= Script files
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Basic Scripting

Simple Mathematics: plot some simple functions
> X=linspace(-10,10,500);

> y=sin(Xx);

> plot(x,y,”x","y","sin(x)™);

> y=exp(-x"2/9)*sin(10*x);
> plot(x,y,”x","y","exp(-x"2/9)*sin(10*x)™);

> ?size(X);
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Interacting with FDTD Solutions

= Script commands can add or modify simulation objects
: addplane; will add a plane wave source
= Script commands can get simulation data

: getdata(“monitor”, “E,”); will get the x component of the

Electric field from a monitor

= Multiple script commands can be combined in script files. These

files can be run by typing their name at the script prompt.

* You can use the up and down arrows to avoid retyping commands!
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Script files

Open the example file scripting 0.Isf ‘ > \

= Try running this script file

= Try pasting lines from this script file into your script

prompt
= Try modifying this script file to add a rectangle and set

the “x span” to 4 microns
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FDTD Solutions Workflow Example

Create Physical Structures
Set Simulation Parameters
Define Sources

Define Monitors

Run Simulation

Analyze Results

Repeat If necessary

N o Ok e

We will go through these steps in
OA simple example
OThe Getting Started examples
OA more advanced example
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Simple example

We want to

: Calculate the transmission through a 50 nm thick slab of Si
on glass from 400 to 800nm

: Etch 200nm lines in the Si and repeat the measurement

If you get stuck, finished example files are In

: Simple example\simple_example.fsp
: Simple example\simple _example.lIsf
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Simple example

= Physical structures:
: Create a New 2D simulation from defaults
: Set the drawing grid to 25 nm
. Create structures (use stacking feature)

= Simulation area:
: Boundary conditions (Periodic in X, PML in y)
: Dimensions ("x span” = 400nm, 'y span” = 1 micron)
: Mesh accuracy 2
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Simple example

= Sources
: Plane wave source, from glass side to air

: Wavelength 400 to 800nm

= Monitors
: Movie monitor name movie
- Index monitor over the entire structure  name index

: Time monitor in Si layer name | tmel

: Transmission/Reflection monitors (100 frequency points each)
e Name them “"R"” and “"T" name | T name | R

. Full profile over entire structure (3 frequency points)

name | full_profile
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Simple example

= Recalculate and look at the FDTD mesh Q
Do we need a mesh override region?

=  What happens at the interface?
Which material is used here?

= For precise control
Set mesh order correctly

Y Edit: rectangle

General Rotations Graphical rendering

name | rectangle

SI I | con material | Si (Siicon) - Palik v
—— » Set Silicon mesh order to 2
[#] set mesh order from material database L]
(mmrose rmraa Set Glass mesh order to 3

) Edit: rectangle

General Rotations Graphical rendering

Glass 1 The interface point

material [SI02 (Glass) - Palik

w
index | see material database WI I I b e SI I I C O n !

INdEX - ICTons

[[] set mesh order from material database
mesh order
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Simple example

= Be careful to extend structure through the PML boundary condition
: Why? Side-edges reflection issue.

Incorrect \
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Simple example

= Check memory requirements! 4/

= Check material fits [@]

29
20

2

Re(eps)

ank

17 -

14k

= FOTD
W taterial data

0.40

050 080 070
Wavelength (microns)

0.30

i eps)

=~ FDTD
W Material data

01 Errveernns L, .
040 050 060 070 080

Wavelength - (microns)

= Save simulation file under name simple_example.fsp

= Run simulation  »

- Note when the simulation “auto-shutoff” occurs

e Can we reduce the maximum simulation time for the next simulation?

: Can!
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Simple example

= Analyze results
: Run the movie: movie.mpg

O

'.\‘ﬁ Figure 1: time1: Ez vs time, x = 0.05 microns, ... E]@
File Setting
A
0.3
0.2
0.1 -
W oo \[UW/\/W\A
- -1, R
: Plot Ez vs time
-0
-0.2 -
il T P PR T
0 9 18 27 36
Tirme  (fs)

: Did the auto-shutoff work?
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Simple example

= Analyze results

Image n and k. Is the structure correct?

;-ﬂ Figure 3: index: n_z vs position, Wavelength =... E]@

J-\q Figure 4: index: k_z vs position, Wavelength =... E]@

File  Setting
et
[
L
c
I'_\_'_":l
=
=
R
e
-0.08 0.04 0.16
% [microns)

File Setfing

107

I4.2

—34h

rons)

—2.8

q
-

— 2.1

v (i

1.4

0.7

0.0

016

-0.08 0.04
% (rmicrons)
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Simple example

= Analyze results
: Plot transmission vs wavelength

: Image |E,|? at 3 different wavelengths

]

A Figure 2: T: y-Transmission vs wavelength, y =... E]@
File  Setting
0.ar-
07
=
S 0EF
L3
iK
C o5k
T}
5
= D4
T
o= 0.3
02
AP [ [ [ [
0.40 0.49 0.58 0.67 0.76 -
Wavelength  (microns)

A Figure 5: full_profile: Ez intensity vs position, ... g@

File Setting

0.4
25
0.3
. —21
0
e 0.1
o —17
f:)
= —1.3
— -01
=,

-0.3

04
0.4
0.1

-0.4

-0.08 0.04 016
% [(rmicrons)

A Figure 4: full_profile: Ez intensity vs position, ... E]@

q

File Setting
ns
03

01

-0

y (rmicroms)

-0.2

-0.5

-0.08 0.04 016
% [rmicrons)

A Figure 3: full_profile: Ez intensity vs position, ... E]@

File Setting

O

0.&

0.3

0.1

-0.1

y (microns)

-0.3

-0.4

-0.08 0.04 016
x (microns)




Simple example

= Analyze results

: Create a script file with the following lines
o f = getdata(“T"f");

e T = transmission("T"); / Question: why is there a negative sign here?

e R = -transmission(*R");
L = 1-(R+T);

¢ |legend(“Reflection”,"Transmission”,"Loss");

plot(c/f*1e9,R,T,L,"wavelength (nm)”,"Normalized power”);

: Try to move the legend to the position shown here (Setting

menu)

M Figure é:

mEx)

Eile Setting

MNormdized  power

'y
08

0r -
0.6
0.4
0.4
0.3
0.2

0.1+

400

490 a0 670 760
wavelength - (rm)




Simple example: accuracy

u IS this accurate? D'Hj\: :?r:]n:::
Here is a 50 nm slab of Si in air, 200-800nm i Ty

F awd T

Theory based on FDTD material model Theory based on Palik’s Si data
r'-ﬂﬂ Figure 1: E]@VE‘JJ Figure 1: E]@\ PR

File Setting Fle  Setting 064

TENEETTE AR
D 452 454

| TR A

Tsee 413 em0
A n.e‘— wovelength (rm)
0.7
0.7
0.6
0.6
L 05 — os
E 04 E 0.4
o 0 o 03
0.2 0.2
04 01 ’g
L | ] 1 ] 0.0 1 . 1 1 | \u_:z
200 400 BO0 e 200 400 GO0 aob L
wovelenath (rrm) wovelenath {rm)

a4 04 048
Wavelenath  (microns)
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Simple example: accuracy

= Compare Lorentz model with multi-coefficient model

Lorentz model

Lumerical’s multi-coefficient model

W Figure 1:

-,

=/

-~

W Figure 1:

B=%

-

Eile Setting

F od T

]

0.0
200

400 G600
wovelenath (nm)

ol

File Setting

o

0.y
0.6
0.5

0.4

Fooad T

0.3

n.:

0.1

0.0
200

4 lél 0 I 4] lél 0 I 8 lél E.
wonvelenath ()

]
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Simple example

= Switch back to Layout mode | 4
= Add etched lines (200nm wide, 400 nm period)

: Adjust the drawing grid OR
: Use the array feature
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Simple example

= Run the simulation
Did the simulation run longer or shorter than before?

. Ana |yze the resu Its A Figure 8: index: n_z vs position, Wavelength -... g@
. File Setting
Index monitor B
movie 02
Ez vs time 03
0
@ 01
= A Figure 7: time1: Ez vs time, x = 0.05 microns, ... E]@
s File Setting
-0.3 I:]
4
0 008 0.04 0.16 gL
x (rmicrons) [
0.8 I
0.3 I
¥ I
T i i
-0.3
-0.6
e o a0 -
Time (fz)
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Simple example

{.ﬂ igure 9: ﬁ
= Analyze results |- BEIX

: Rerun the script file R m

0.4

0.7

— Reflection

05 — Transmissio

— Loss

0.3

Mormndized  power

400 440 580 B70 TR0
wovelenath (nm)
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Getting Started Examples

DVD surface analysis (3D)
Silver nano-wire (2D)
Photonic crystal cavity (3D)
Ring resonator (2D)

Examples files are included with every installation

Detailed instruction are provided in the Getting Started
Guide

: (online)
: FDTD Solutions - Help Menu - Getting Started (PDF)
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Home Products Solutions Support & Training Downloads

Applications Library

News & Events Company

FDTD Solutions

FOTD Solutions Applications Library

CMOS Image Sensor Pixel
DL Lithography Simulation

Home = Product Center = FOTD Solutions = FDTD Solutions Applications Library

Applications of FDTD Solutions to microscale optics and
nanophotonics

FDTD Solutions addresses a wide variety of applications involving the scattering, diffraction. and

propagation of optical radiation. FDTD Solutions is useful for many engineering problems of interest.
including:

CMOS Image Sensor Pixel

As CMOS pixel sizes decrease to reduce costs of digitial camera systems, there is
a corresponding reduction in signal to noise and an increase in pixel cross-talk.
Learn more =

DVD Surface Design

Sub-wavelength features within a thin gold film within a DVD encodes information.
Learn how to optmize this surface with FDTD Solutions to optimally store
information. Learn more =

LED/OLED Light Extraction Efficiency

| Sub-wavelength texturing of LEDs increase light extraction efficiency. but accurate

DUV Lithography Simulation

DVD Surface Analysis
LED Light Extraction
Manoparicle Scattering
Manowire Grid Polarizers
Fhotonic Crystal Cavity
Fhotonic Crystal VCSEL
SPR Manaolithography
Thin Film Solar Cells

Waveguide Microcavity

Supported Systems

Get Started Today!

o 30 Day Trial Download
L v
Download Now =
> Lumerical Video Center
Watch Now =
~] Need Assistance?

support@lumerical.com

\ simulation tools like FOTD Solutions are needed to optimize microstructured LEDs.
Learn more =

Contact Sales



DVD surface analysis

Optical reading/writing head

slider

solid
immersion
lens

——- ohjective lens

source

detector



DVD surface analysis

= Investigate reflections Neseamsis smicrsmnstm s A ]
of a focused beam .
from DVD surface *
features

ﬂsnru Simulation | Sources

l LION00ONCOC gl IHHHIC

x XY i & X||Perspective view A X
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Silver nano-wire

= Study surface

plasmons

\ Lumerical FDTD Solutions - 2D Layout [C:/Program Files/Lumerical/FDTD/examples/nanowire.fsp] E]@

File

R

Tools

(134

i

| ol

Pl

=)
o—

Y3

Plane wave

Edit View Setting Simulation Help

Structures Simulation Sources Monitors

-
=ELEEE

XY view g X

x: -0.244 y: 081 RULER  dx: dy: AB: 5
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Photonic crystal cavity

Determine resonant
frequencies of PC
cavity

File Edit

&

Ak F

ols Ch

View Setting Simulation Help

Structures | Simulation | Sources | Monitors |

N Lumerical FDTD Solutions - 3D Layout [C:/Users/ckopetski/AppData/Local/Microsoft/Windows/Temporary Inter... | = || & |[s3m]

Search onling help

M IOICIC JC IR IPNEST)

& Ohjects Tree & X | XY view

jpy BE =<

[ Structures |

@ substrate
b a4 PC cavity

EHr &

=

- Tadll

[ Simulation |

@ Sources |

E Monitors |

W

»
W

Perspective view

=

| POSITION RULER dx:

dy:

dz AB:
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Integration of Photonic Crystal and VCSEL

K\l

* AlmeloonrHrele . |1|E|=[=

19 i 1Pl i Qi |,
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Integration of Photonic Crystal and VCSEL

Refrocive ndex Mode hiensity

7 2
.1U -5 0 5 10 ‘1U & 0 5 '
x (rmicr Cﬁi) X l'\mucrr.:rrz,)
Cross-sectional refractive Cross-section of intensity profile
Index distribution of VCSEL of PC-VCSEL cavity mode
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Integration of Photonic Crystal and VCSEL

Refrocive  Index Mode hiensity

Planar refractive index Planar intensity profile at
distribution of PC-VCSEL surface of PC-VCSEL
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Integration of Photonic Crystal and VCSEL

Ex,

Far-field intensity distribution
for PC-VCSEL cavity mode
(plot scale in dB).

logscde

-1.0

1.2

14

186

18

=20

-2.2

0 d 4 6
Timme (fs)

8
x10°

Time signal showing decay of PC
VCSEL cavity mode. The linear
slope of the amplitude (plot on a
log scale) determines the Q-factor.
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Scripting: Editor and prompt

Structure creation using script

“‘..loo.,'
SRR
R L

M L

’
\“\lllll‘."

T
» rea.,
tetre .,

-
wnbhon
A

’ .
ST LA

" W \J
‘ ) ',..""‘.‘,l "‘0 .'u
)

\
' .
TR

'
2 0sganavt®

(a)

(b)

Zhenkui Shi, Yongqi Fu, et. al., Polarization effect on focusmg of a plasmonic lens structured with
radialized and chirped elliptical nanopmholes. Plasmonnics 5(2), (2010). (in press)



ﬁLu.Ierical FDTD Solutions — 3D Layout
File Edit V¥iew Setting Simulation Help

Search online help

2 = Structures Simulation Sources Monitars
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Review and Tips

= Review workflow

: Frequently asked questions

: Tips for reducing computational requirements (time
and memory)
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Computational Resource Requirements

\ﬂ Sirnulation and Memory Report @

3D Simulation

Approximate total memory requirements to avoid swapping during the simulation

\ﬂ Lurnerical FDTD Solutions - 30 Layout [C:/Users/ckopetski/AppData
Eile Edit View Setting Simulation Help

ocal/Microsd = minimum: 12 MB
* maximum: 12 MB

Freguency /wavelength settings

th

Structures | Simulation

Liow

. A

Sources I Manitors » Simulation bandwidth (from source settings)

eminimum wavelength = 1199, 17 nm
Perspecti omaximum wavelength = 1873.7 nm
esimulation wavelength = 14624 nm
eminimum frequency = 160 THz
emaximum frequency = 250 THz
ogimulation frequency = 205 THz

Tools

Objects Tree B X XY view
B b= < »

|4 Structures

[ 2

|l
(dda
B

Total number of FDTD Yee nodes

@ substrate
- 44 PC cavity

»(1,119072 MNodes
Current materials

*Ta205: rms error =0

o fit over simulation bandwidth
» etch: rms error =0

o fit over simulation bandwidth

Hp &

XZ view

——
ro—

Memory details

» Electromagnetic Fields and Refractive Index:5 MB (40.5%G)
& Sources

@Point Source, dipl: (outside simulation volume) 0 B (0%)
Fimulation oPoint Source, dip2: {outside simulation volume) 0 B (09%:)
» Monitors

« WA

- Sources @Frequency Domain Field Profile Monitor, profile: 338 kB (2.79%)
< \f oIndex Monitor, index: (can be swapped without slowdown) 113 kB (0.9%:)
== Monitors @ Index Manitor, index: (can be swapped without slowdown) Q analysis: {outside simulation volume) 0 B (0%)

aTime Monitor, Q analysis::t1: 593 kB (4.89%)

ROSI LI ¥ = CLLED G i * Miscellaneous memory: 6 MB (51%)
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FDTD Solutions: Optimizing Resources

What are some tricks for speeding up FDTD Solutions, and
reducing the memory requirements?

= Avoid simulating homogeneous regions with no structure
Use far field projections instead

= Use symmetry where possible
Gain factors of 2, 4 or 8

= Use periodicity where possible
Gain factors of 100s or 1000s

= Enlarge virtual memory of your computer

= Use a coarse mesh (use a refined mesh for final simulations)

Start with "mesh accuracy” of 1 instead of 2
e gives 8 times faster simulation
e 5 times less memory
e within 10-20% accuracy in general
User mesh accuracy of 2-4 for final simulation

Use mesh override regions for local regions of fine mesh
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Where to find help and examples

= Online help at
: New features summary
: Installation manual
. Getting started
: Reference guide
. Script function reference
: User guide
: Application help

= Application summaries
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Getting help

= Technical Support
: Email: PMEEAR
: Online help:

e Many examples, user guide, full text search, getting started,
reference guide, installation manuals

: Phone: +1-604-733-9006 and press 2 for support

= Sales information:

= Find an authorized sales representative for your
region: and select Contact Us
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FAQ 1. Creating Physical Structures

= What are the basic primitives used in 2D? In 3D?

Vo[e@8[9aA»@e] oo

= How do I set material properties:

= How can I easily create layer structures?

1 HETEIHICD

= Can structures be rotated?
: Yes

= Can I import from a file or image?
: Yes

W

X
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FAQ 2. Setting Simulation Parameters

= What mesh size should I use?
: “mesh accuracy” of 1 or 2 for initial setup (faster)
Use “mesh accuracy” of 2-4 for final simulations

: 'mesh accuracy” 5-8 is almost never necessary
e Use mesh overrides instead for most applications

= How long a simulation time should I use? -

: At least long enough for pulse to propagate throughout simulation
volume.

Start with longer simulations times and let the “auto-shutoff” feature
find out when you can stop the simulation

: Check with point time monitors

= What boundary conditions should I use?
PML allows light to exit simulation region

Symmetric/anti-symmetric, periodic, Bloch boundary conditions can
save memory and time.
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FAQ 3. Using Sources

» What sources can I use in FDTD Solutions?

(@] © /=4 4=
= How do I set the pulse length in time?

: FDTD Solutions does this automatically when you set
wavelength or frequency of interest.

= How can I set a broadband source?

. Define a range of frequencies and FDTD Solutions
creates one for you automatically.

= Can I create my own source spectrum?
: YES

s
i
il
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FAQ 4. Using Monitors

= What monitors can I use in FDTD Solutions?

OIEBEio] A

= When do I choose a power monitor instead of a profile
monitor?

: Power and profile monitors are almost identical and can collect
all the same data
: Power monitors are optimized for the best accuracy when
calculating power flow
o they “snap” to the nearest Yee cell
. Profile monitors are optimized to preserve perfect field symmetry
o they can interpolate fields to any location inside the Yee cell

# oy
L
.

107



FAQ 5. Running Simulation

= How do I check the memory requirements?
: On the Simulate menu, left panel | v,

= How do I reduce memory requirements?
: Minimize simulation volume using symmetry

: Decrease the “"mesh accuracy” if possible
* Increases dx, dy and dz

: Down sample monitors spatially
: Record fewer frequency points in frequency monitors
: Record only the necessary field components
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