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Fourier Transform Settings — Discussion at Examples



Abstract

Many field solvers and functions are
Included in VirtualLab Fusion. They may
either working in the space (x) domain or
the spatial frequency (k) domain. To use
different solvers and functions in
connection, so to enable the modeling of
complex systems, the transforming
between x and k domain is a crucial step.
Three Fourier transform algorithms are
available in VirtualLab Fusion, and, with
this document, we show how to set the
options by discussing at different
examples.




The Three Fourier Transforms

« The fast Fourier transform (FFT)

— Standard and efficient algorithm for various numerical computations

« The semi-analytical Fourier transform (SFT)
— An efficient reformulation without approximation

— Analytical handling of quadratic phases, like the chirp-z transform
— Read more in Z. Wanq, et al., Opt. Express 27, 15335-15350 (2019)

« The pointwise Fourier transform (PFT)

— An approximate approach, inspired by the stationary phase theory,
but formulated in purely mathematical form

— Highly efficient and accurate for strong wavefront phase
— Read more in Z. Wanq, et al., Opt. Express 28, 10552-10571 (2020)



https://doi.org/10.1364/OE.27.015335
https://doi.org/10.1364/OE.388022

Settings for Each Component
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Settings for Each Component

* Fourier transform setting

— For the preceding propagation step - For the preceding propagation step
from the light source ... from another component ...
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Default Fourier Transform Settings

Edit Simulation Settings

General Field Tracing  (Classic Field Tracing

r
1

Settings for source modes and detectors
- For source modes and detectors, all three Fourier transform
options are activated by default.

— As special cases, diffraction might be not of concern for
source modes or detectors. We will discuss such cases in
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Default Fourier Transform Settings

« Settings for components

- For components, only the pointwise Fourier transform option
Is activated by default for performance consideration.

— That will neglect possible diffraction effects and often needs (= cus-

additional care in different cases. Typical examples are F H) r&
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Special Cases

« Multiple-surface components
— Special considerations shall be given to
the following cases
* Lens System Component
« Spherical Lens Component
— Such components can be understood
as a convenient composition of
» Set of curved surface components, and
» Pieces of free spaces in between

— The Fourier transform option also

affects the free-space propagation
steps in between.

Edit Lens System Component X ‘

V
Coordinate [
Systems
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Orientation
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Special Cases

« Components in k domain

- When the solver / function of a
component works in the k domain, the
iInverse Fourier transform option does
not affect anything.

— This applies to the following cases
» Plane Surface Component
« Stratified Medium Component
» Grating Component
« Functional Grating Component

Edit Grating Component
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Example #1: Pinhole in a Low-Fresnel-Number
System



Example #1: Source Modes for Imaging

Edit Lens System Component

ac Fourier Transform Selection: Component
. For typical imaging applications, with
Fositon/ - plane waves source in different directions
eistion ; n coming from infinity, or

- point sources emitting spherical waves
covering large angular range,
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PPy "%-Ebi Fourier Transform Inverse Fourier Transform i ] ; -
e {1 Elvmiokinm | (=il | diffraction effect is not of concern and
: : J : P SR i | therefore a PFT-PFT combination is chosen.

d IffraCtI on ,’ Solver 1 [ Use Spherical Phase Only [] Use Spherical Phase Only I:

consideration ‘ B | |_ St it o B
ded lens #1 2 V
not needed_ | Zo70

D=0.4mm

i l
input plane wave
- wavelength 500nm - p

- on-axis and full
illumination of lens #1 'I'
- assumed from infinity L

---------------------- 250mm

250mm 50mm

R see the full Application Use Case
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Example #1: Diffraction

Inside System Inclusion

g

; Edit Aperture

Coordinate
Systems

g
Position /
Orientation

B

==

Lens aperture truncates

the input field.

Diffraction could matter.

[om————— i i 1
1 Customized Fourier Transform Selection: Component 1
1
1  Fourier Transform Inverse Fourier Transform
Il Fast Fourier Transform Fast Fourier Transform
I
ll Semi-Analytical Fourier Transform Semi-Analytical Fourier Transform 1
1 Pointwise Fourier Transform Pointwise Fourier Transform Il
: [[] Use Spherical Phase Only [[] Use Spherical Phase Only :‘: N
l \
I.. _Eln_fo_r_ce_szﬁuze Fourier Tv:niio;n‘_lf Numerical Effort is Tc: l-:gh n } \‘
\
[[] Customized Fourier Transform Selection: Source Modes 1
1 1
\
\
)
\

. 1
input plane wave :

- wavelength 500nm i

- on-axis and full ;
illumination of lens #1 i

- assumed from infinity

lens #1

-

\ -
*~pinhole
circular

e |

n 25: Field Distribution behind Lens #1
Chromatic Fields Set

(saturated display)

002 004 006 008 01 012 014 016 018 02 022 024

Distance Before (Camera Detector #603 | Basal Positioning (Relative)) [m]

250mm 50mm
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Example #1: Diffraction inside System Consideration

Edit Lens System Component
: . . :-éF---—F:u:;T----‘"—-_—F ------------------ ‘|I
s o | When diffraction starts to ||} s o o T
—————————————— = e e e e . Systems I [ Fast Fourier Transform [ Fast Fourier Transform
RS : matter, e.g., behind {1 o T St ot T
G || | et B ! - pinhole, aperture/stop, or /@_ ! @"E'J"':";::;T::‘“gm B"E":“'“;:;;T::“gm
;' 4 e Ameyicat Foaxiae Teanstorm. | | (] Somi-Avyticnl Fousier Transtom. | | - boundary truncating component, Gnentaion ;I zm:p _ M:T y L ﬁ:mmw ; y
1 [ Pointwise Fourier Transform [ Pointwise Fourier Transform L H L] i e
Fosition / : [[] Use Spherical Phase Only [] Use Spherical Phase Only I:‘: \\ We recommend to aCtIVate FFT @ [[] Customized FounevTransfothelecuo"\ Source Modes
Orerizien || | ErrcePinhise P Trasforf omoricl Sortis Tookion B 1 |\ and SFT for such cases. ;
% ac Fourier Transf S Source Modes ‘\‘ ’/"
1 —"‘
\ I_ens #2
\\ fey=41.67mm
lens #1 — . *~pinhole D=0.8mm
- Diffraction behind P .
for=250mm the pinhol it circular
D=0.4mm_ | "€ PINNOE MATETS. A p=g.2mm
input plane wave l
- wavelength 500nm
- on-axis and full
illumination of lens #1 'I'
- assumed from infinity L
250mm
250mm 50mm
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Example #1: Diffraction inside System Consideration

Edit Aperture K
_____ Coordinate
_____________ g ‘Sysioma
i @ Cusmmzad Founer Traf\sfom Selecnoﬂ Component (]
1
Gl I Fourer Transform inverse Fourier Transform Y
Systems i Fast Fourier Transform Fast Fourier Transform I /E*P“ ‘
ition /
! Semi-Analytical Fourier Transform Seri-Analytical Fourier Transform | Onentation
-
/E‘ 1 Pointwise Fourier Transform Pointwise Fourier Transform |I
T : [ Use Spherical Phase Only [ use Spherical Phase Only ] @
Orientation 1
l| (=] Enlorce Pointwise Founer Transio(m if Numerical Effortis Too High [l }
____________ e o
B
Customuzed Fourier Transform Selection: Source Modes A
1
: 4
A}
A
\\
~
~
-~ .
lens #1 === pinhole

for=250mm
D=0.4mm

circular
D=0.2mm

|

250mm

Edit Lens System Component

Customized Fwner Trunsfoﬂm Selection: Component

Fourier Transform inverse Fousier Transform

i

1

1

I

II Fast Fourier Transform Fast Fourier Transform

: Semi-Analytical Founer Transform Semi-Analytical Founer Transform

] Pointwise Fourier Transform Pointwise Fourier Transform

: [] Use Spherical Phase Only [J Use Spherical Phase Only

: Enfﬂme Pointwise Fourier Transform if Numerical Effort is Too High [l
____________ o

] Customized Fourier Transform Seimmn Source Modes

)
L)
AY
\
~

"~ lens #2
fur=41.67mm
D=0.8mm

]

250mm

e i

X

50mm

with all diffraction effects considered

3 19: Image Plane (1D) with Pinhole

==~

[E=N ECR ==

Chromatic Fields Set
~
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£
=
T T
®
(a]
-
@ o~ 4
E
E
» =
T T T T T T T
-60 -40 -20

E

=

=
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Example #1: Exit Pupil Diffraction Approach

Edit Lens System Component X ‘
------------------------------------ 1
|| [ Customized Fourier Transform Selection: Component
o Ao [0 lect th
i kol n e Can n eg ect t e Cozxdmate : Fourier Transform Inverse Fourier Transform 1
|- ----------------------------------- L] . . . Systems I [[] Fast Fourier Transform [] Fast Fourier Transform
[ Customized Fourier Transform Selection: Component dﬂ: b f 1
1 ISR o sl e I raCtI O n e n O rCI n to 1 [[] Semi-Analytical Fourier Transform [] Semi-Analytical Fourier Transiorm
) ] i :
Coordi I  Fourier Transform Inverse Fourier Transform h b . H / 1
gg:er"r? : [[] Fast Fourier Transform [[] Fast Fourier Transform 1 t e P FT- P FT CO m | n atl O n . Ao : [] Use Spherical Phase Only [ Use Spherical Phase Only I:
I -Analy - . . i
H [[] Semi-Analytical Fourier Transform [] Semi-Analytical Fourier TransiSrm : T h IS IS a cou nte rexam p I e Onenaten : [ Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l ‘|
: Iv L] - Te:an;r?g—boTt F-OE'; EEE{“’-\S- x ------------------
Position / 1 [[] Use Spherical Phase Only [[] Use Spherical Phase Only ) (N ]
Orientation 1 1 \ [ Customized Fourier Transform Selectid: Source Modes
1 [4] Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l } I,
B - Te:"‘—n';f:a?om F-°F|e-f rag o":; --------------------- ,'
’

‘\
\
% [[] Customized Fourier Transform Selection: Source Modes ‘| s
: \ lens #2 -~
\ fey=41.67mm

\
\ . =
lens #1 *spinhole D=0.8mm
for=250mm circular
D=0.4mm D=0.2mm

i l
input plane wave
- wavelength 500nm

- on-axis and full I
illumination of lens #1 /\ 'I'
- assumed from infinity L
neglectin .
dif?ractior? neglecting
diffraction S0mm
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Example #1: Exit Pupil Diffraction Approach

Edit Aperture

Coordinate
Systems

Position /
Orientation

Fourer Transform

_

[[] Fast Fourier Transform
[ Semi-Analytical Fourier Transform

[J Use Spherical Phase Only
|4 Enforce Pointwise Fourier Transform if Numerical Effort s Too High [l

nverse Founer Transfom
[ Fast Fourier Transform

[ Semi-Analytical Fourier Transim

[ Use Spherical Phase Only

n Fous

lens #1
foe5=250mm
D=0.4mm

r

==~ pinhole
circular
D=0.2mm

|

Edit Lens System Component

~ —— - -
‘I [ Customized Fourier Transform Selection: Component
1
Co;vdmal |  Fourer Transform Inverse Fourier Transform H
Systems : [] Fast Fourier Transform [ Fast Fourier Transform
I [ Semi-Analytical Fourier Transform [] Semi-Analytical Fourier Transiorm ¢
§A :
Fosibon? || 1 [] Use Spherical Phase Orly [] Use Spherical Phase Only i
Orientation | | | !
1 [ Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l ‘I
= &5 more about Founer Fansforms.
N
[] Customized Fourier Transform Selection: Source Modes !
/]
’
J
d”
lens #2 --~
f.=41.67mm
D=0.8mm

B

250mm 50mm

exit pupil diffraction

-

I3 38: Exit Pupil Diffraction (1D) [o ] & |

Chromatic Fields Set

Summed Data [(V/m)* 2]
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Example #1: Exit Pupil Diffraction & Comparison

1D comparison exit pupil diffraction (EPD) full diffraction
E<: 33: Image Plane (1D) with Pinhole E@@‘ ' I 29: Image Plane with Pinhole (Exit Pupil Diffrac... | = || & s3] ' I3 17: Image Plane with Pinhole (o33
Numerical Data Array Chromatic Fields Set Chromatic Fields Set
Diagram  Table Value at x-Coordinate
- 4 === Full Diffraction
w EPD
é_' é = 5
= = =
g3
Fig.5 from M. Mout, et al., E -
Appl. Opt. 55, 3847-3853 (2016) ’
] — L ! ! ! ! !
—— HFPI 0 -20 0 20 40 60 -50 -25 0 25 50
208 “|- - - - Fresnel AL X [pm]
£ Y S W B EPD ! .
.93: ]
g 06
' "GE EPD ~
= 04
: -. 1
S B \
Z 02 E method of _ 250mm
M. Mout et al. S
0 L | N L
—50 0 50 250mm lens #2 50mm
x [pum]

17



Example #2: Afocal System for Laser Guide Stars



Example #2: All Possible Diffraction Included

Edit Ideal Lens

/ [] Customized Fourier Transform Selection: Component Edit Ideal Lens X } For the accu rate anaIySiS
Coordinate | T ]| e o e e e e ———— . .
Systems l=-|z Customized Fourier Transform Selection: Component : Of S I OW_d Iﬁractl O n b e am S ,
4 1 Fourier Transform Inverse Fourier Transform =
’/@‘ Cg)?;mw : ™M Faslr::nef Transform [ Fast Fourier T:nsfofm : We reCO m m e n d tO aCtIVe
Position / 1 -Analytical Fourier Transform -Analytical Fourier Transform H
S i | /@ =| g :::n::e ?‘ounev Transform S Iiz::u?:e ‘:)uri: Trans;fm f E F FT an d S FTI eS peCI al Iy
B Lea € about transt ey Use ical Phase Only Use ical e Only
s PR . | i | Do Sememmo 1| for Parameter Run and
el H [ Customized Fourier Transform Selection: Source Modes 1 :- _E! -E-nfie:o:t::s-e iou_n: 'Ea:sf_a: |-(. N_um_eﬂ_cal Ejo-n- I.s- 'r:o:{:zh- -l.] ----- 3 . . .
: ] % [[] Customized Foun¢ranslotm Selection: Source Modes O ptl m I Z a’tl O n "
;’l;' \ ! . /
—— I 1 /
Channel |1 1 S
Configuration : : ’,’
1 L Jame 49 =T . .
PP || - et e e et e e lens #2 This is the correct

A f,=5m :
\ ’ modeling result.

TImm————- lens #1
f,.=150mm

input field :

fundamental Gaussian 40___( _ beam diameter
wavelength 532nm 406mm

waist radius w;=0.250mm

f, slow-diffraction beam
over a long distance ...

f,+1, i 10km

R see the full Application Use Case
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Example #2: Neglecting Diffraction between Lenses

Edit Ideal Lens

[[] Customized Fourier Transform Selection: Component

input field

fundamental Gaussian

lens #2

f,=5m

l

wavelength 532nm

waist radius w;=0.250mm

neglecting
diffraction

Edit Ideal Lens

-
-
—————————————

P e e e e T e e e ———
1 [ Customized Fourier Transform Selection: Component
1
: Fourier Transform Inverse Fourier Transform
1 [0 FastFourier Transform [[] Fast Fourier Transform
: [[] Semi-Analytical Fourier Transform [] Semi-Analytical Fourier Transform
1
1 :
1 [[] Use Spherical Phase Only [[] Use Spherical Phase Only
1
1 [[] Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l
1 o o o o e e i e e e
[[] Customized F un¢ranslo«rr Selection: Source Modes
U
/
'l
td
’
‘/

slow-diffraction beam

over a long distance ...

10km

One can neglect the
diffraction by enforcing to
the PFT-PFT combination.
This is a counterexample.

beam diameter
474 mm!
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Example #3: Collimation Testing with Shearing
Interferometry



Example #3: Neglecting Diffraction on Purpose

Edit Lens System Component

For lens systems beyond paraxial /
parabasal situation (in contrast to camera
Example #1 and #2), the intra-system
diffraction effect is often negligible.
Thus, a PFT-PFT combination

detector

2"
Al
,.;

-E;néi;-,;-;téﬁél;ﬁ;;;;bé.}'--'-'-’-"-:-:i'-’;'-;:-‘--" ______ ' | (default) is appropriate.
[[] Customized Fourier Transform Selection: Source Modes “

\

\

\\s

T spherical lens
o fey=450mm
objective lens - diameter 25mm

- feg=14mm
- NA=0.25

7

/4

\

™~ input field 5
- Gaussian profile
- wavelength 632.8nm shear plate
- beam diameter 1mm - thickness 7.5mm

- wedge angle 0.015°
l?l see the full Application Use Case
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Example #3: Neglecting Diffraction on Purpose

For collimated beams with relatively large

Edit LensSystem Component x | diameter, and for relatively short-distance

ﬁ‘ propagation, we often neglect the diffraction
.l as a minor effect, since the major modeling
camera goal in this example is the interference.
- detector -~~‘~~\~ Edit Camera Detector X ‘
Eositon! ~ T ———
. \\ :zr ized Fourier Transform Selection: Detector
@ ‘& | Fouter Translom Inverse Fourier Transfom
i . Sy!mi_}l (] Fast Fourier Transform [[] Fast Fourier Transform :
neglecting | Dlsomsvaicn o Trwsten (]St s Tosiom |
- d|ﬂ:ract|0n Position i [[] Use Spherical Phase Only [[] Use Spherical Phase Only i
ST spherical lens on purpose | o Pt i oot it oot 0|
. . _ f3ﬁ=450mm p p N 0 Teai more sbout Founeryanstoms. T ——
objective lens - diameter 25mm “
- fg=14mm 2ra
- NA=0.25
Edit Lens System Component
71 ——
i e =i e e E E
- . 1gc Fourier T S (o
~ input field N V.~ :
- Gaussian profile : Systems || |
- wavelength 632.8nm negIeCtlng neglecting shear plate TN i
- beam diameter 1mm diffraction . . - thickness 7.5mm \~~.,..Q~>=
on DUIDOSE diffraction - wedge angle 0.015° Ll ! , ‘ :
purp on purpose BA‘ e L L e
[] Customized Fourier Transform Selection: Source Modes
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Example #3: Neglecting Diffraction on Purpose

For collimated beams with relatively large

K3 30: Neglecting Diffraction o diameter, and for relatively short-distance
Chromste R 5 propagation, we often neglect the diffraction
Data for Wavelength of 6328 nm [1E=5 V/m*2] as a minor effect, since the major modeling
camera goal in this example is the interference.
detector -~~*~~~~ Edit Camera Detector X ‘
M e T e e T T T T e e e e
\\ : Mc Fourier Transform Sel : Detector
\&?; | Fouter Translom Inverse Fourier Transfom
Sydegs -Jbl [[] Fast Fourier Transform [[] Fast Fourier Transform :
: [] Semi-Analytical Fourier Transf [ Semi-Analytical Fourier Transform :
E i 1
Position / : [[] Use Spherical Phase Only [[] Use Spherical Phase Only E
Orientation | | | e . . : : I
[ Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l A
-SSR SAS RS T T T T T T T ————
s
Edit Lens System Component X
L
: ac d Fourier Ti S C
Gortnate || 1
Systems 1
shear plate -==~~__ i
- thickness 7.5mm \.-_‘@_;,I
- wedge angle 0.015° oman !
G Rttt e e P L E E PP L L L L L L LRt
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Example #3: Including Diffraction

Edit Lens System Component X
Pttt To check the minor influence on the result

from diffraction, we perform the simulation
with the following alternative settings.

= P

1
1
H camera
1 --~‘~~ Edit Camera Detector X
< : detector T |
Orientation : ) = : 1 N, e — T Em——— e oo
E e Pointwise er Tra l s Effort n i \\ 10c¢ Fourier T S Detector
d = CE ST T SHOU FOUME Y AN, e e N 1
@ A »
= [[] Customized Fourier Transform Selection “ource Modes syg&t- : ]
e ; —)p: :
\ , 1
\ g ([} I
N = 1 ’ 1
m=———- spherical lens , 1.4 EKesTromes e oo e o s Lozl d
) ) _ feﬁ=450mm Tearn more about Fourer Hanstoms
objective lens _ diameter 25mm dv
fir=14mm aramet
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Example #3: Including Diffraction

3 31: Including Diffraction w3
e To check the minor influence on the result
et R L s from diffraction, we perform the simulation
camera with the following alternative settings.
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of the fringes, while the simulation takes
longer time than before.
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