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Components, Solvers and Fourier Domains — Plane
Surface



Abstract

The field-tracing technology in VirtualLab
Fusion rests on the philosophy of “connecting
field solvers”: using different solvers for
different components inside a single system,
so that the best-suited option is applied to
each part of the system. The choice exists for
each solver to be implemented in the space
domain or in the spatial-frequency domain.
One or the other will be selected depending
on the mathematical characteristics of said
solver — for many of the most common
components, the corresponding solver is
going to be much lighter numerically in one
domain than in the other, and therefore faster.
This results in a simulation sequence that
must move back and forth between the
Fourier domains.




Modeling Task

etalon configuration

planar-planar (tilted)
- center thickness 100 um
- tilt of first surface 0.1°

X how does the simulation of
\30° L,Z this system with field tracing
work behind the scenes?

source

plane wave

wavelength: 532 nm

angle: 30°

truncated by circular aperture (2.5 mm
diameter)

I 3: "Camera Detector” (#600) after "Plane Surface” (2) (T) (Field Tr... | = | & [[&5a]

Chromatic Fields Set

¥ [mm]

Data for Wavelength of 532 nm [(V/m)*2]

1.2492

0.6246

la

see the full Application Use Case:

“Modeling of Etalon with Planar or Curved Surfaces”
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https://www.lighttrans.com/index.php?id=292
https://www.lighttrans.com/index.php?id=2157

Connecting Solvers!

etalon configuration

planar-planar (tilted)
- center thickness 100 um

Qﬁrst surface 0.1°

L..

\ 30°

source

- plane wave

- wavelength: 532 nm

- angle: 30°

- truncated by circular aperture (2.5 mm
diameter)

Field tracing connects electromagnetic field
solvers!

An optical system is broken up into its
different constituent parts.

Each part is modeled with a specific field
solver.

In general, these solvers can be _
implemented in the space (x) domain or in
the spatial-frequency (k) domain.

VirtualLab Fusion connects all the solvers
In a seamless, non-sequential way, to
provide a fully electromagnetic solution
to the system!
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Domain of Application of the Solvers

B solver in z domain
(a’/" y) (BB
For solvers implemented in
the space domain, the field-

-1 F
. tracing sequence would look
Fourier transform i -
like this...

inverse Fourier transform

(ka» Fy) -
P
free-space propagation operator
(z,y)
... while for solvers
implemented in the k domain, colver in & domain
the field-tracing sequence -
would look like this B
(km, ky) %ll>%




Domain of Application of the Solvers

B solver in z domain

(z,y)
For solvers implemented in
1 F the space domain, the field-
_ _ . tracing sequence would look
inverse Fourier transform Fourier transform : ;
like this...
(kﬂcv ky)
1 /
: ‘\\ the free-space propagation operator is
' Seo just another example of a field solver, but
S~e TS~ we single it out with its own symbol
because of its importance, being present
(z,y) in almost every system!
... while for solvers "
implemented in the k domain, solver in &+ domain ,
the field-tracing sequence - f
would look like this B n
/
(km, ky) %ll)”ﬁ
Pe-____ 0 P




Some Solvers and Their Domains

— 5 * free-space

Fresnel matrix propagation

in
EL

Fourier Modal
Method

idealized

2 domain

grating
function

k domain

N Efrunt 6behind
Local Plane Interface
Approximation
Local Linear Grating One light pap,

Approximation

D

e(r)

r=(zy,2)

Runge-Kutta
BPM

idealized lens
functions
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Hint: click on the logos for additional documentation on the solvers!


https://www.lighttrans.com/index.php?id=2071
https://www.lighttrans.com/index.php?id=2072
https://www.lighttrans.com/index.php?id=2095
https://www.lighttrans.com/index.php?id=2074
https://www.lighttrans.com/index.php?id=2073
https://www.lighttrans.com/index.php?id=2094
https://www.lighttrans.com/index.php?id=2107
https://www.lighttrans.com/index.php?id=2117

Free-Space Propagation

Starting point of propagation

Detector plane

——————

source field ®
.

(z,y)

( k:l: ) lly )

Propagation distance Az

\ 4
N

-

spectrum of !
source field

Xe

ik.Az

propagated

spectrum




Free-Space Propagation

Starting point of propagation

Detector plane

\ 4
\

source field ®
o

(z,y)

(kz, ky)

Propagation distance Az

-

spectrum of o
source field

% eikz/_\z

propagated
spectrum

-

—-—— o —

Free-space propagation
(propagation in a
homogeneous, isotropic
medium) always takes place
in the k domain — in other
words, we propagate the
plane-wave spectrum of the
field




Free-Space Propagation

Plane Wave

Camera Detector

Etalon
o J—e -
3 1 600

X:0mm 1 Xid mm
Y: 0 mm ] Y:0mm
Zi2mm 1 Z:5mm

1

1

I

]

I

I

|

I

|

|

1

\

\

\
\
\\ . a-- -

\\~ ________

This refers to propagation
between elements of an

optical system...

Starting point of propagation

o

Detector plane

Propagation distance Az

Xeik::Az

Free-space propagation
(propagation in a
homogeneous, isotropic
medium) always takes place
in the k domain — in other
words, we propagate the
plane-wave spectrum of the

field
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Free-Space Propagation

... as well as to internal
Plane Wave Etalon Camera Detector propagation between surfaces
I:u)” T ”‘;“ s ”’E in some cases, like the Lens
]
| e ; mn] o System component
1 ¥: 0 mm ] ¥Y: 0 mm
1 szm‘ I .25mm| }S!:‘
| I .
| I ;!E 7 \
I ! e
| ] |,j,~._ ma.ne Cu’m\ Cﬂlﬂ!nca\ Mph!ﬂm\ Pn?y}mwa\ SEm‘pwed ngrﬁémah\e \\
1 I i I Detector plane .
|| : Starting point of propagation /I Free'space prOpagathn
\ | ¢ (propagation in a
\ \ . - » 2 _homogeneous, isotropic
\ N ! medium) always takes place
N . == 4 T Propagation distance Az in the kK domain — in other
N S_m——=
S~ ___---777 (z,9) J 1 words, we propagate the
F F.! ;
This refers to propagation - \ plane-wave spectrum of the
| ks field

between elements of an
optical system...
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Free-Space Propagation: Why K Domain?

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
too ikon R ¥ % ik (r)Az
VU (p, 2) o // Vi (p', 20) ¢ ;_: (ikon — %) %dzp’ VU (K, 2) = V" (K, 20) x etF=()8

with R = \/(z — /) + (y — ) + (A2)°

Number of operations ~ N

Number of operations ~ N2

20 20

N: number of samples
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Free-Space Propagation: Why K Domain?

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
too ikon R ¥ % ik (r)Az
VU (p, 2) o // Vi (p', 20) ¢ IO:: (ikon — %) %dzp’ VU (K, 2) = V" (K, 20) x etF=()8

with R = \/(z — /) + (y — ) + (A2)°

Number of operations ~ N2 Number of operations ~ N

Pointwise operator! 4

20 20

N: number of samples
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What Solvers Do We Need in This System?

solver for plane surface

P etalon configuration

RN planar-planar (tilted)
// \ - center thickness 100um

/ M - tilt of first surface 0.1°

» solver for free-space
-7 propagation

-~
-
—
N e e o e e e ==

source
- plane wave N %
- wavelength: 532 nm N P
- angle: 30° -—--
- truncated by circular aperture (2.5 mm

diameter)
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Possible Field Solvers for Plane Surfaces

« As an infinitely extended ideal plane surface =» * As a curved surface without curvature =» Local
Fresnel Matrix Plane Interface Approximation (LPIA)
« Solverin k domain « Solverin x domain

Efrom Ebehlnd

* Implemented in Plane Surface component * Implemented in Lens System, Curved Surface,
Spherical Lens and Light Guide components,
among others.
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Possible Field Solvers for Plane Surfaces

BLPIA
(z,y) by
i i F F
etalon configuration
planar-planar (tilted) (ks ky) - > - >
- center thickness 100 um indi .dpl interaction of field with ]P ;
_ tllt Of ﬁrSt Surface 0.10 per inaiviaual interaction ot rield with plane surfrace
(z,y)
source
- plane wave S~ °
- wavelength: 532 nm grresne
- angle: 30° : (s, ky) >+ >
- truncated by circular aperture (2.5 mm Fresnel matrix P P
diameter) per individual interaction of field with plane surface
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Possible Field Solvers for Plane Surfaces

21 Optical Setup View #1 (Fresnel Matrix)™

Fitter by X

ight Sources

omponents

[#- Ideal Components

Electromagnetic Field C

Plane Wave Etalon Surface 1 Etalon Surface 2 Camera Detector
O—
] 2 600

. Xidmm
3 Y:0mm
Z: 100 pm Z5mm

o emeomer @ Plane Surface
component

Analyzer

800 (Fresnel MatriX)

Coordinate
Systems

B

Pasition /
Orientation

@,

Structure

Solver  Sampling

Compaonent Solver Fresnel Matrix vl it

In VirtualLab Fusion,
including a certain type of
component in your system
means, in practice, selecting
an electromagnetic field
solver to model that part of

the system

-

Solver

——

==
=

—

Channel
Caonfiguration

[

Fourier
Transforms

The Fresnel matrix solver works in the spatial frequency domain (k domain). It
consists of

1. aneigenmode solver for the homogeneous media on both sides ofthe
interface and

2. matching ofthe boundary conditions atthe plane interface separating those
two media.

The eigenmode solver computes the field solution in the k domain for the
homogeneous medium in each layer, and then boundary conditions are applied to
compute the matrix of reflection and transmission coefficients. In contrast to the
traditional Fresnel coeficients (typically given for TE and TM, or 5- and p-
polarization), our solver gives the result corresponding to the Ex and Ey field
components directly. Learn more about this solver.

S+

i .
EI?"’ _’.‘b

=,

= Validity: @

Carcel [ Help

17




Possible Field Solvers for Plane Surfaces

21 Optical Setup View #1 (Fresnel Matrix)™

Fitter by X

ight Sources

omponents

[#- Ideal Components

~

Plane Wave Etalon Surface 1 Etalon Surface 2 Camera Detector
Electromagnetic Figld C & /u
0 2 600
. X4 mm
3 Y:0mm
Z: 100 pm Z5mm

"~ -----weCurved Surface

Ray Tracing System
*‘é component
800 (LPIA)

In VirtualLab Fusion,
including a certain type of
component in your system
means, in practice, selecting
an electromagnetic field
solver to model that part of
the system

Coordinate
Systems

B

Pasition /
Orientation

@,

Structure

Solver  Sampling

Component Solver | Local Plane Interface Approximation (LPIA) vl |2 Edt

-

Solver

——

==
=

—

Channel
Caonfiguration

[

Fourier
Transforms

The LPIA solver works in the spatial domain (x domain), locally, in a pointwise
manner. The solver follows that

1. theinputfield on the surface is treated as a composition of local plane
waves (LPWs),

2. the part ofthe surface seen by each LPW is considered a plane interface
(locally), and,

3. the interaction of the LPW with the local plane interface can be modeled by
the Fresnel (or the layer) matrix.

At an arbitrary location on the curved surface, an approximate local boundary
condition is applied, which assumes the interaction of the LPW with the local plane
interface. Thus, the Fresnel matrix (or layer matrix for coatings) can be used to
connectinput and output fields.Learn more about this solver.

= Validity: @

Cancel Help
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Possible Field Solvers for Plane Surfaces

- n 1, # & EI N
= Optical S<tup View =2 CPLY == Edit Lens Systern Component
|Fi|ter by x |
[#}- Light Sources Solver Sampling
[l Components
.. ldeal Componerts Co nt Sal T Eait
- Detectors Mpone ver | Local Plane Interface Approximation (LP1A) w | o Edit

7~ Analyzers Plane Wave Etalon Camera Detector Coordinate
- Coordinate Break D " . i ,L/_I Systems The LPIA solver works in the spatial domain {x domain), locally, in a pointwise

E‘:::mgjne;:rﬁ i Detet o 4 00 manner. The solver follows that
\ X:0 ¥id mm . ) .
b Yi0m o0 mm 1. theinputfield on the surface is treated as a composition of local plane
Zz2mm Z:5mm Bositon waves (LPWs),
LenS SyStem gﬁﬁ}.t;’»ﬁ'm 2. the part ofthe surface seen by each LPW is considered a plane interface
(locally), and,
Component . 3. theinteraction of the LPW with the local plane interface can be modeled by
(LPI A) Ray Tfﬁ:jﬁzgs‘em @ the Fresnel (or the layer) matrix.
D Structure At an arbitrary location on the curved surface, an approximate local boundary
200 condition is applied, which assumes the interaction of the LPW with the local plane
B interface. Thus, the Fresnel matrix (or layer matrix for coatings) can be used to
)'“ connectinput and output fields.Learn more about this solver.
i
£ >
Solver - 7
In VirtualLab Fusion, ;:r
E=3
including a certain type of o
. Caonfiguration
component in your system
means, in practice, selecting lf |f"
an electromagnetic field  Fouier
ransforms
solver to model that part of
the system | (58] vaiisy- @ ol Help
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Possible Field Solvers for Plane Surfaces

source

etalon configuration
planar-planar (tilted)

- tilt of first surface 0.1°

plane wave

wavelength: 532 nm

angle: 30°

truncated by circular aperture (2.5 mm
diameter)

- center thickness 100 um

(Cﬂ’y}

(kz, ky) b

A 4
N

P P

u 3: "Camera Detector” (# 600) after "Plane Surface” )M (led\ Trlcmg)
Chromatic Fields Set

Data for Wavelength of 532 nm [(V/m)*2]

1.2492

0.6246

Y [mm]

-2..E-08

Fresnel matrix

(z,)

~ Fresnel
B

(k:ﬂaky) L N1 _;:

F rdl

A 4

bl
9
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(*) Approximate simulation times on a PC with the following technical specs:

processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

LW BLPIA
(:ﬂﬁy} ;Q')
H H [ f_l _1.'.”]’ ’,/. FFT
etalon configuration . I
planar-planar (tilted) (kz, ky) | > S > >

- center thickness 100 um
- tilt of first surface 0.1°

u 3: "Camera Detector” (# 600) after "Plane Surface” )M (ﬁel& :I';lc"ing)
Chromatic Fields Set

Data for Wavelength of 532 nm [(V/m)*2]

Y [mm]
0

(z,)

source

- plane wave S~ °

- wavelength: 532 nm grresne

- angle: 30° : (ko ky) : N >

- truncated by circular aperture (2.5 mm Fresnel matrix P P
diameter)

21 (*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

etalon configuration
planar-planar (tilted)

- tilt of first surface 0.1°

source

- plane wave

- wavelength: 532 nm

- angle: 30°

- truncated by circular aperture (2.5 mm
diameter)

- center thickness 100 um

y ) iL-;IA
(7= .o PFT
(kz, ky) | " J L el (er;forced)
P P

I3 15: Duplicate (139
Chromatic Filds Set

Data for Wavelength of 532 nm_ [(V/m)*2]

[ Atsimulation ~ 35 (¥)

With FFTS Atsimmaﬂon ~ 15 min

¥ [mm]
0

With FFTs Atgimuiation ~ 10 :

[ Atsimulation ~ 35 (¥)

diffraction neglected

l =115 X[rl;m] 05 1
: S+t
ET_,+_".‘b (IB, y)
S ___ ° S_.,_"';
" BFresnel
Fresnel matrix =~ (Ko, ky) ——t Sesd} 5

bl
9
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(*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

-

Note: Fourier transforms are also
performed at the source and
detector planes, hence there is
also a slight time improvement in
the Fresnel Matrix case when the
Pointwise Fourier transform is

enforced across the system

X

L..

\ 30°

I:I More information about our catalog of Fourier transform
algorithms in our use case “Fourier Transform Settings —
Discussion at Examples”

~ =
— o —

z"
input LPW ;
j— (z,y)

Atsimulation ~ 3 S (%) ‘

output LPW

With FFTS Atsimwaﬂon ~ 15 min

With FFTs Atgimulation ~ 10s

_® PFT
(enforced)

rd

I3 15: Duplicate (13)

¥ [mm]

{ Atsimulation ~ 35 (¥)

diffraction neglected

Si.

in -
B, —

S,

Y

E Ei u.t_ ‘—..

o

B,
45, _

B

X [mm]

(x,y)

~ Fresnel
B

A 4

23 (*) Approximate simulation times on a PC with the following technical specs

: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM


https://www.lighttrans.com/index.php?id=2135
https://www.lighttrans.com/index.php?id=2157

Practical Conclusions: Which Solver Do | Use?

Two possible solvers for plane interfaces in an optical system: the Fresnel Matrix and the Local
Plane Interface Approximation (LPIA). Which one is more appropriate for your system depends
on the circumstances:

Fresnel Matrix: LPIA:

* Rigorous solver for ideal plane surface « Solver for curved surfaces

* Works in spatial-frequency (k) domain « Works in space (x) domain

* Fewer Fourier transforms to be calculated « Requires computation of additional Fourier
=» potential numerical gain transforms

« Assumes infinite surface « Considers finite size (aperture) of surface
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Practical Hint: Component Substitution

T LEE

E

Optical Setup

(inclination, material behind surface,

Start Sources Functions Catalogs Windows Optical Setup Tools
w41 Complete S Generation *¥* Insert Element Split C it Add Light 5 From Catal Save Light S to Catal 1 1
omplete Sequence Generation *f* 2 Synchronize Detector Sampling M plit Compane: 5 ght Source From Catalog *:*:k ave Light Sounce to Catalog H ow to mOd Ify you r Optlcal
= 1 Partial Sequence Generation 'r Exclude Blement ;‘x"’ Comby mponents EACICI Component From Catalog [5 Save Component to Catalog . .
Delete All Link,
Toggle Light Source Exchang e Elements e rieeaes 5 Tum nent E:’-‘\dd Detector from Catalog E& Save Detector to Catalog Setu p If you have Im ported a
Optical Setup Tools Component Tools Catalog Support Iens System | nto a Lens
16: Optical Setup View #15 (LPIA) Split Component X System component In
[y d B VirtualLab Fusion, but you
- Light Sources Le nS SySte m ] 1 y
i Componerts » Component {® Split After Each Surface would like to use the Fresnel
-- |deal Components ( .
e Detectors N Matrix solver for a plane
- Analyzers Plane Wave S Etalon Camera Dy (O Split Ater Surface # 1 . .
~Coordnate Bresk L)- S - surface inside that system?
+-Camera Detector
‘... Hlectromagnetic Field Detecto 0 3 600 = Help
X:0mm X4 mm I_ | ><| E@
¥: 0 mm W0 mm | | Filter by 2
Z:2mm Z5mm || @- Light Sources ~ E
[=- Components
- Component from Catalog AL
[#- Functional Single Surface < N
) (- Index Modulated Plane Wave Etalon (Surface #1) Etalon (Surface #2) Camera Detector
Rﬁ)‘ Tracmg SyStE!ITI [#)- Multiple Surfaces D - R D
Analyzer - Single Surface & Coating . ;
;’ > i Curved Surface 0 5 600
i Off-Axis Parabolic Mimor (Wedge Type) . .
200 ; Sonn i
.. Stratified Media Z: 100 pm Z5mm
- Single Surface & Stack
< > - Programmable Component
- Black Box
Subsystem Ray Tracing System
Analyzer
Do not forget to include and configure ‘ &
the Plane Surface component ki 800 =

etc.)

J
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Peek into VirtualLab Fusion

Edit Lens System Component

catalog of Fourier transform

algorithms

Edit Plane Surface Component

Solver | Sampling
‘Component Solver Local Plane Interface Approximation (LPIA) V| 4 S
Coordinate
Systems The LPIA solver works in the spatial domain (x domain), locally, in a pointwise
manner. The solver follows that
/@_ 1. the inputfield on the surface is treated as a composition of local
Psition / waves (LPWs),
Orientation 2. the part ofthe surface seen by each LPW is considered a plane i
(locally), and,
3. theinteraction of the LPVWY with the local plane interface can be m
the Fresnel (or the layer) matrix.
Coordinate
; . Systems
Structure At an arbitrary location on the curved surface, an approximate local boun
condition is applied, which assumes the interaction of the LPW with the
interface. Thus, the Fresnel matrix (or layer matrix for coatings) can be u
connectinput and output fields.Learn more about this solver.
Position /
Solver Orientation
——
===I
=3
<« Structure
Channel
Configuration
l:F IF .
Saolver
Fourier
Transforms
s
i:!I
=
«—
@l Validity: @ Cancel Channel
Configuration
solver information panelin | ||
Fourier
components || e

Solver  Sampling

Component Solver Fresnel Matrix v| 7 Edit

The Fresnel matrix solver works in the spatial frequency domain (k domain). It
consists of

1. an eigenmode solver for the homogeneous media on both sides of the
interface and

2. matching of the boundary conditions at the plane interface separating those
two media.

The eigenmode solver computes the field solution in the k domain for the
homogeneous medium in each layer, and then boundary conditions are applied to
compute the matrix of reflection and fransmission 1ts. In contrast to the
traditional Fresnel coefficients (typically given for TE and TM, or s- and p-
polarization), our solver gives the result corresponding to the Ex and Ey field
components directly. Learn more about this solver.

S
, ,
A —

el

Validity: @ | OK

| | Cancel || Help

Edit Simulation Settings

General Field Tracing  Classic Field Tracing

Oversampling Factor Gridless Data
Oversampling Factor Gridded Data
Fourier Transform Selection Accuracy
Source Modes Components Detectors
Fourier Transform
Fast Fourier Transform
Semi-Analytical Fourier Transform

Pointwise Fourier Transform
[[] Use Spherical Phase Only

[ 1
[ 1
L1

Inverse Fourier Transform
[~] Fast Fourier Transform

] Semi-Analytical Fourier Transform

[ Pointwise Fourier Transform
[] Use Spherical Phase Only

["] Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l

Learn more about Fourier fransforms

Channel Configuration Option | Pre-Selected
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VirtualLab Fusion Technologies

nonlinear free _
crystals & components SPace prisms,
anisotropic plates,
components @ cubes, ...

@ lenses &
@ freeforms

apertures &

waveguides
& fibers ~
scatterer - ‘ boundaries
Solver
diffusers ( gratings
diffractive diffractive,

Field

beam Fresnel, meta
splitters lenses
SLM.& micro lens & HOE, CGH,
adaptive ¢ eeform DOE
components arrays
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Components, Solvers and Fourier Domains — Plane Surface
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VirtualLab Fusion Basic
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Feature Use Case

- Modeling of Etalon with Planar or Curved Surfaces
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