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Seamless transition to geometrical optics concepts in
a fully physical optics framework



Abstract

VirtualLab Fusion is a software product devel-
oped for multiscale optical simulations and de-
sign. It offers a platform that interconnects differ-
ent simulation models, such as precise Maxwell
solvers, like the Fourier Modal Method (FMM),
and more approximate methods, including geo-
metrical optics. The ability for various simulation
models to work together requires that all meth-
ods utilize electromagnetic fields as both input
and output. Therefore, integrating geometrical
optics into a multiscale simulation framework ne-
cessitates developing a formulation of geomet-
rical optics for electromagnetic fields.This docu-
ment examines the theory, which is also applied
within VirtualLab Fusion.

The document originates from a presentation de-
livered by Frank Wyrowski at SPIE Europe in
April 2024.

We need to identify that part
of physical optics, which deals
with the “geometrical laws
relating to the propagation
of the ‘'amplitude vectors'E
and H.”
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Simulating Optical Systems

Systems are composed of a
continuously expanding variety of

components, such as lenses, freeform
: surfaces, Fresnel lenses, pancake lenses,
Micro & : .
Nano GRIN lenses, metalenses, mirrors, gratings,
Structures diffractive optical elements (DOEs), crystals,
apertures, prisms, cubes, fibers, scatterers,
diffusers, micro lens arrays, and spatial light
modulators (SLMs).

Gratings

Prisms,
Plates &
Cubes

The simulation must be appropriate for a multiscale system configuration.
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Simulating Optical Systems

Systems are composed of a
continuously expanding variety of
components, such as lenses, freeform

TP

Source surfaces, Fresnel lenses, pancake lenses,
Nano GRIN lenses, metalenses, mirrors, gratings,
m Structures diffractive optical elements (DOEs), crystals,

apertures, prisms, cubes, fibers, scatterers,
diffusers, micro lens arrays, and spatial light
modulators (SLMs).

Gratings The simulation should generate all

required detector outputs, such as
aberrations, point spread function (PSF),
modulation transfer function (MTF), beam
Detector characteristics, radiometry, photometry,
colorimetry, and diagnostics for ultrashort

pulses.

Prisms,
Plates &
Cubes

The simulation must be appropriate for a multiscale system configuration.
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Finding the Right Balance Between Accuracy and Speed

Simulations should aim to achieve

TP

the necessary level of accuracy
Source | IR . . .
Micro while also being computationally
. Nano . .
m Structures efficient.

Detector Control of accuracy-speed balance

VirtualLab Fusion Software @ www.lighttrans.com



Simulating Optical Systems: Universal Solver

ONESVARIICEE I« Solvers that can be used for solving

/ B physical optics Maxwell’s equations universally include
2 N is solver methods such as:
< | Source " : _
Lenses Micro & — Fourier Modal Method (FMM),
| ano " . " " "
! Structures — Finite Difference Time Domain

Method (FDTD),
— Finite Element Method (FEM).

* While these solvers are highly precise,
they tend to be slow and demand signif-
icant computational resources.

Detector  Their significance lies in their ability to
simulate the impact of nanostructures.

* Universal solvers are not appropriate
for system simulation.

Prisms,
Plates &

K Cubes
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Simulating Optical Systems: Geometrical Optics

Geometrical
Optics

« Ultilizing geometric optics in simulations
often leads to quick results.

TP

Source Micr. |
,\',Carr?o « It allows for the precise assessment of
m Structures aberrations in lens systems.

* In general, the precision of geometrical
optics is viewed as being moderate.

« Geometrical optics is not sufficient
to model the wide variety of optical
systems.

Detector
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Simulating Optical Systems: Combine Many Techniques

Source

R

TP

Interoperable
Optical

Simulation

Micro
Nano Model #3
Structures

Model #4

Model #2

Detector

Model #5

« Utilize customized simulation models
for each component.

« Simulation models range from geomet-
rical optics to rigorous and simpli-
fied methods in physical optics.

 For effective system modeling, it is cru-
cial that all methods are interoperable
with each other to enable seamless in-
tegration.
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Multiscale Optical Simulation by VirtualLab Fusion Software

Source

R

TP

Multiscale
Optical

Simulation

Micro &
Nano Model #3
Structures

Model #4

Model #2

Detector

Model #5

Control of accuracy-speed balance
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Simulating Optical Systems: Combine Many Techniques

e

Source

Model #2

Micro
Nano Model #3
Structures

Model #5

Model #4

Interoperable
Optical

Simulation

Detector

« Simulation models range from geomet-
rical optics to rigorous and simpli-
fied methods in physical optics.

Interoperability?
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Simulation Models and Light Representation

@WILEY
FUNDAMENTALS OF
PHOTONICS Quantum Optics
Second Edition Elecu_omagneﬁc
Optics
Wave Optics
Ray Optics

B.E. A. Saleh
M. C. Teich
n Pure and Applied Optics » Bahaa E. A. Sale S
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Simulation Models and Light Representation

Physical
Optics E’ H

Interoperable

Geometrical . P
Optics ST
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Simulation Models and Light Representation

Physical
Optics E’ H

Not interoperable

Geometrical . P
Optics ST

VirtualLab Fusion Software @ www.lighttrans.com



Interoperable Simulation Requires Generalized Geometrical Optics

Physical
Optics E’ H

Not interoperable

Geometrical . P
Optics ST

Geometrical optics for fields E, H required!
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Geometrical Optics for Electromagnetic Fields

Physical Optics

Not interoperable

Geometrical Optics
with Rays

VirtualLab Fusion Software @ www.lighttrans.com



Geometrical Optics for Electromagnetic Fields

Physical Optics

Interoperable

! Geometrical Optics
\ forFields E.H !

\ /
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Geometrical Optics for Electromagnetic Fields

i

Foundations of geometrical optics

Principles of

3.1 Approximation for very short wavelengths

THE electromagnetic field associated with the propagation of visible light is character-
ized by very rapid oscillations (frequencies of the order of 10'* s7') or, what amounts
to the same thing, by the smallness of the wavelength (of order 10°° em). It may
therefore be expected that a good first approximation to the propagation laws in such
cases may be obtained by a complete neglect of the finiteness of the wavelength. It is
found that for many optical problems such a procedure is entirely adequate; in fact,
phenomena which can be attributed to departures from this approximate theory (so-
called diffraction phenomena, studied in Chapter V1II) can only be demonstrated by
means of carefully conducted experiments.

The branch of optics which is characterized by the neglect of the wavelength, ic.
that corresponding to the limiting case Ay — 0, is known as geomerrical optics,* since
in this approximation the optical laws may be formulated in the language of geometry,
The energy may then be regarded as being transported along certain curves (light
rays). A physical model of a pencil of rays may be obtained by allowing the light from
a source of negligible extension 1o pass through a very small opening in an opaque

: G screen. The light which reaches the space behind the screen will fill a region the

7th (_expaﬂded) Edltlon boundary of which (the edge of the pencil) will, at first sight, appear to be sharp. A
more careful examination will reveal, however, that the light intensity near the
boundary varies rapidly but continuously from darkness in the shadow to lightness in

MaX BOl'n and the 1IIun‘una1ed :cg?m',&and that the \.a:if\lion is not monotonic but is of an f:cillalnn'
. character, manifested by the appearance of bright and dark bands, called diffraction
Emll WOlf : fringes. The region in i’hich m- rapid b'ariamftj: takes place is only of the order of
magnitude of the wavelength. Hence. as long as this magniude is neglected in
comparison with the dimensions of the opening, we may speak of a sharply bounded
pencil of rays.t On reducing the size of the ing down to the di of the

® The historical development of geometrical optics is described by M. Herzberger, Straffemopiik (Berlin,
Springer, 1931), p. 179: Z Instrumensenkunde, 51 (1932), 429-435, 485493, 534-342, C. Carathéodory,
Geamerrische Optik (Beslin, Springer, 1937) and E. Mach, The Principles of Physical Optics, 4 Historical
and Philosophkical Treatmens (First German edition 1913, English translation: London, Methuen, 1926;
reprinted by Dover Publications, New York, 1953).

* That the boundary becomes sharp in the limit as iy — 0 was first shown by G. KirchhofT, Forfesungen 4.
Marh. Phys., Vol. 1 ( Mashematische Opiik) (Leipzig, Toebner, 1891), p. 33. See also B. B. Bakerand E. T.

o . Copson, The Mathematical Theary of Hiygens " Principle (Oxford, Clarendon Press, 2nd edition, 1950),

Electromagnetic Theory of Propagation, .79, and A. Sammerfeld, Opics (New York, Academic Press, 1954), §35

Interference and Diffraction of Light

e
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Geometrical Optics for Electromagnetic Fields

3.1 Approximation for very short wavelengths 125

But by (38), (15) and (25),

ds 1 1
= ———=—dS5 =—ds, 39
(grad P  n? n
so that we finally obtain the following expressions for the ratio of the intensities at any
two points of a ray:
L0t b v SR el (40)
Iy m n

the integrals being taken along the ray.™

3.1.3 Propagation of the amplitude vectors

We have seen that, when the wavelength is sufficiently small, the transport of energy
may be represented by means of a simple hydrodynamical model which may be
completely described in terms of the real scalar function &, this function being a
solution of the eikonal equation (15). According to traditional terminology, one
understands by geometrical optics this approximate picture of energy propagation,
using the concept of rays and wave-fronts. In other words polarization properties are
excluded. The reason for this restriction is undoubtedly due to the fact that the simple
laws of geometrical optics concerning rays and wave-fronts were known from experi-
ments long before the electromagnetic theory of light was established. It is, however,
possible, and from our point of view quite natural, to extend the meaning of
geometrical optics to embrace also certain geometrical laws relating to the propagation
of the *amplitude vectors’ e and h. These laws may be easily deduced from the wave
equations (16)—(17).

Since S satisfies the eikonal equation, it follows that K = 0, and we see that when
ko is sufficiently large (4o small enough), only the L-terms need to be retained in (16)
and (17). Hence, in the present approximation, the amplitude vectors and the eikonal
are connected by the relations L = 0. If we use again the operator /0t introduced by
(38), the equations L = 0 become

%.p%(vzs_d}ﬂ)gw(z-gradlnn;gradSTU, (41)
oh 1(_,, Olne

= (L= bt +i(h- =0 42
(‘ir+2( Siress )h (h-gradinn)gradS = 0 (42)

These are the required transport equations for the variation of e and h along each ray.
The implications of these equations can best be understood by examining separately
the variation of the magnitude and of the direction of these vectors.

* It has been shown by M. Kline, Comm. Pure and Appl. Maths., 14 (1961), 473 that the intensity ratio (40)
may be expressed in terms of an integral which involves the principal radii of curvature of the associated
wavefronts. Kline's formula is a natural generalization, to inhomogeneous media, of the formula (34). See
also M. Klinc and L W. Kay, ibid, 184

page 125

“According to traditional terminology, one
understands by geometrical optics this
approximate picture of energy
propagation, using the concept of rays
and wave-fronts. In other words
polarization properties are excluded. The
reason for this restriction is undoubtedly
due to the fact that the simple laws of
geometrical optics concerning rays and
wave-fronts were known from experiments
long before the electromagnetic theory of
light was established. It is, however,
possible, and from our point of view
quite natural, to extend the meaning of
geometrical optics to embrace also
certain geometrical laws relating to the
propagation of the 'amplitude vectors'
E and H.”
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Geometrical Optics for Electromagnetic Fields

We follow Max Born’s
and Emil Wolf’s advice!

Physical Optics We need to identify that part
of physical optics, which deals
with the “geometrical laws
relating to the propagation

of the 'amplitude vectors'E
and H.”

Principles of

/| Geometrical Optics Optics

\ forFields E.H !

\ /

C itat i 0 n fro m S p a ge -I 2 5
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Geometrical Optics for Electromagnetic Fields

Interoperable
Optical

Simulation

Physical Optics

Micro & X
Nano Method #3
Structures '

E. H

Gratings

Method #2

Method #4
Prisms,
Plates &

I
. Geometrical Optics ates ¢ |
. Method #5
, forFields E,H , /
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Geometrical Optics for Electromagnetic Fields

Interoperable

Optical
Simulation

Physical Optics

Method #3

Method #1

E H

Method #4

Detector
! Geometrical Optics -
'\ forFields E,H — E, I'y

Method #2
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Geometrical Optics for Electromagnetic Fields
\

/Modeling of optical effects, including,
e.g., aberrations, energy redistribution,
Physical Optics diffraction, scattering, interference,
speckles, polarization, coherence, and
spatiotemporal evolution. y

—————— We need to identify that part
of physical optics, which deals
with the “geometrical laws
relating to the propagation

/ of the 'amplitude vectors'E
and H.”

! Geometrical Optics
\ forFields E.H !

\

~ -
b R

Citation from page 125
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Geometrical Optics for Electromagnetic Fields
\

/Modeling of optical effects, including,
e.g., aberrations, energy redistribution,
Physical Optics diffraction, scattering, interference,
speckles, polarization, coherence, and
spatiotemporal evolution. y

—————— We need to identify that part

: of physical optics, which deals
with the “geometrical laws
relating to the propagation

! Geometrical Optics

\ forFields E,H of the 'amplitude vectors'E

and H.”

~ -
b R

Citation from page 125
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Geometrical Optics for Electromagnetic Fields
\

/Modeling of optical effects, including,
e.g., aberrations, energy redistribution,
Physical Optics diffraction, scattering, interference,
speckles, polarization, coherence, and
spatiotemporal evolution. y

—————— We need to identify that part

: of physical optics, which deals
with the “geometrical laws
relating to the propagation
of the 'amplitude vectors'E
and H.”

Physical Optics
w/o Diffraction

~ -
b R

Citation from page 125
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Geometrical Optics for Electromagnetic Fields

Physical Optics ~N

Enables the effective control of the

extent of diffraction effects taken

iInto account in simulations using
e physical optics. .

Physical Optics
w/o Diffraction

~ -
b R
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Simulating Optical Systems: Combine Many Techniques

Interoperable
Optical

Simulation
Source

TP

AN
Micro &

Nano Model #3
Structures

Model #4

Model #2

Detector

Model #5
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Simulating Optical Systems: Combine Many Techniques

\_

/ Simulation
Source
ode Model #1
Model #3

Model #2

Model #5

Interoperable

Optical

Model #4
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Interoperable Optical Simulation is Non-Sequential

Source
mode

Model #1

Model #2

Model #3

Model #5

Interoperable

Optical
Simulation

Model #4

N

Detector
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Scenario: Lens System Modeling with Ghost Signal

—_—

——
——
——
1
———
1
——
e
———
1
———
—
———

]

+/-

-+

e
I 23: “Camera Detector” (£600) (Profile: General) | = | = [[s3m]

Chromatic Fields Set

Data for Wavelength of 1.064 pm [1E-6 (V/m)?]

Interference of two modes by
internal reflection.

VirtualLab Fusion Software @ www.lighttrans.com



Interoperable Optical Simulation is Non-Sequential

Interoperable
Optical . .
Simulation The nodes of the simulation tree represent

the simulation models for each component.

The connections among the nodes illus-
trate the propagation of light between the
components.

Detector Diffraction manifests itself during this
propagation.

Physical Optics

E H

-
- S
7’ ~

\

’
! Physical Optics ‘
\ w/o Diffraction
Vs
”

S

/

We need to identify that part of
physical optics, which deals with the

“geometrical laws relating to the
propagation of the 'amplitude
vectors' E and H.” Citation | ==

Page 125
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From Simulation Tree to Operator Sequences

« The simulation tree can be divided into a
limited number of operator sequences.

* These sequences can be illustrated using
a modeling diagram.

Free-space
propagation

x-domain

0 m- k-domain

Layer S Matrix*

* Here we assume a curved and a
planar surface as an example.

VirtualLab Fusion Software @ www.lighttrans.com



Modeling Free-Space Propagation

Physical Optics

Free-space
E. H propagation
Y

x-domain
Physical Optic®
w/o Diffraction \ I:> I:>
m— k-domain

Derive generalized
geometrical optics in the
framework of physical

optics.

\_ J
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Electromagnetic Fields in Homogeneous, Isotropic Media

Given as output from
source or component
operator

[
Field Component

V(LIZ, Y, ZO)

.
>

Z axis

« Simulation models generate electromagnetic
fields EE and H at the output planes of sources
and components.

* These fields are then propagated to following
components and detectors in the sequence.

VirtualLab Fusion Software @ www.lighttrans.com



Electromagnetic Fields in Homogeneous, Isotropic Media

Field Co
V(x,

---------

---------

Inverse

mponent
Y, ZO)

.

- —

Forward

propagation

propagation

»

Z axis

In homogeneous and isotropic media, Maxwell's equa-
tions state that:

* By utilizing E(x, vy, z9) and H(x,y, zo), we can de-
rive E(x,y,z) and H(x,y,z) for z > z, through
forward propagation and for z < zy through in-
verse propagation.

« The propagation of each field component, de-
noted by V, can be carried out independently.

VirtualLab Fusion Software @ www.lighttrans.com



Electromagnetic Fields in Homogeneous, Isotropic Media

Field Component
V(LE, Y, ZO)

4
RCEETERY] - o
e mummmmay =

Z axis
Convergent
field in zg
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Electromagnetic Fields in Homogeneous, Isotropic Media

Field Component
V(Q?, Y, ZO)

---------

---------

Z axis

Divergent
field in zg
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Electromagnetic Fields in Homogeneous, Isotropic Media

Field Component
V(Q?, Y, ZO)

---------

---------

Z axis

Divergent
field in zg

VirtualLab Fusion Software @ www.lighttrans.com



Modeling Free-Space Propagation

Given as output
from source or
component model

Field Component
V(l‘, Y, ZO)

\/‘(CL’, Y,z > ZO)
—N >
—

Z axis

Propagated to
next component or
detector
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Modeling Free-Space Propagation

Given as output
from source or
component model

Field Component
V(l‘, Y, ZO)

Field Component
V(l‘, Y,z > ZO)
—N >

Propagated to
next component or
detector
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Modeling Free-Space Propagation

Given as output
from source or
component model

Field Component
V(l‘, Y, ZO)
Field Component
Viz,y,z > 20)

Propagated to
next component or
detector

\
—
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Modeling Free-Space Propagation

Given as output
from source or
component model

Propagated to
next component or
detector

Field Component

Viz,y, 20) Field Component
V(xa Y,z > ZO)
A

Z axis

229

Well-known illustration for Gaussian Fig. 3.1-4
beam propagation.

X [um]
25 0 25

0.02 0.04 0.06 0.08 0.1 0.12 014  0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38

z-Position [mm]
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Modeling Free-Space Propagation

Given as output
from source or
component model

Propagated to
next component or
detector

Field Component
V(ZE, Y, ZO)

Field Component
V(iE, Y,z > ZO)

Z axis

Theory remains valid for

propagation between
tilted planes.
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Modeling Free-Space Propagation

[ Whendofields |

propagate according
to geometrical laws?

Physical Optics

|
\

y \
Physical Optics \
w/o Diffraction

x-domain

k-domain

We need to identify that part of
physical optics, which deals with the
“geometrical laws relating to the
propagation of the ‘amplitude

vectors' E and H.” Citation
Page 125 e
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Geometric Free-Space Propagation: Pointwise Mapping

Field Compo

Ny7 20

nent

)

Propagation occurs in a

manner that is

p'=("y)

approximately pointwise. /

InanEn

Z aXIS

In what situations does the
propagation of light through

free space closely resemble
a point-to-point mapping?

VirtualLab Fusion Software @ www.lighttrans.com



Modeling Free-Space Propagation

« The solution of Maxwell’s equations in ho-
mogeneous and isotropic media provides
us with a rigorous propagation operator in

the k-domain: _ %L DI’
=
—

V(ky, ky,2) = (PV(20)) (ks, y» 2)
v ~ Single x-domain
— exp (1kZAz) X V(ksy, ky, 20), @
with (ko ky) = /k30% — k2 — k2 and : :
Az =2z—z9> 0. m' k-domain

« The operation PV is pointwise.

VirtualLab Fusion Software @ www.lighttrans.com



Modeling Free-Space Propagation

« The solution of Maxwell’s equations in ho-
mogeneous and isotropic media provides
us with a rigorous propagation operator in
the k-domain:

V(ky, ky,2) = (PV(20)) (ks, y» 2)
— exp (il%ZAz) X f/(kw, ky, 20) ,

with (ko ky) = /k30% — k2 — k2 and
Az =2z— 29> 0.

« The operation PV is pointwise.

.g\l\r{/_

mglee > . m, = x-domain

F F
'3 ‘2 Ea

K = (K, k) K= (ka ky)
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Modeling Free-Space Propagation

« The solution of Maxwell’s equations in ho- ( Viaconvoluton )
mogeneous and isotropic media provides mathematically
us with a rigorous propagation operator in equivalent to Rayleigh-

the k-domain: Sommerfeld integral )
V(ky, ky,2) = (PV(20)) (ks, y» 2) V
= exp (k. A2) x V (ke Ry 20). ::f;za': @R i xdomai

] F F!
with (ko ky) = /k30% — k2 — k2 and
et '3 E e

« The operation PV is pointwise.
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Modeling Free-Space Propagation

« The solution of Maxwell’s equations in ho-
mogeneous and isotropic media provides
us with a rigorous propagation operator in
the k-domain:

V(ky, ky,2) = (PV(20)) (ks, y» 2)
— exp (il%ZAz) X f/(kw, ky, 20) ,

with (ko ky) = /k30% — k2 — k2 and
Az =2z— 29> 0.

« The operation PV is pointwise.

.g\l\r{/_

mglee > . m, = x-domain

F F
'3 ‘2 Ea

K = (K, k) K= (ka ky)
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Modeling Free-Space Propagation

» The solution of Maxwell’s equations in ho-
mogeneous and isotropic media provides

us with a rigorous propagation operator in ol .
u 1 T

the k-domain:

V(ky, ky,2) = (PV(20)) (kz, Ky, 2) _ |
— exp (iF2A2) x V(ky, ky, 20) | e ) + [} ; x-domain

y F 1
with . (ky,ky) = /k30% — k2 — k2 and
Az =2z—2zy>0. v ﬂ- * ﬂ- m— ﬂ— k-domain

« The operation PV is pointwise. ! \

K = (ki k) k= (kg ky)

 Hence, the propagation in the x-domain —
can only adhere to geometrical laws when
the forward and inverse Fourier transforms
exhibit nearly pointwise behavior.
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Modeling Free-Space Propagation

» The solution of Maxwell’s equations in ho-
mogeneous and isotropic media provides

us with a rigorous propagation operator in ol .
u 1 T

the k-domain:

V(ky, ky,2) = (PV(20)) (kz, Ky, 2) _ |
= exp (ilvszz) X f/(kx’ ky’ Zo) , Mode > Am' N x-domain

. : F F1
with k. (ky, k) = \/kgﬁ? — k2 — k2 and 5
Az =2z—2zy>0. ¥ ﬂ-: v ﬂ- m— ﬂ— k-domain

» The operation PV is pointwise. !__, \

 Hence, the propagation in the x-domain —
can only adhere to geometrical laws when
the forward and inverse Fourier transforms
exhibit nearly pointwise behavior.
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Geometrical Optics for Electromagnetic Fields

Physical Optics

When does free-space propagation
approximately reduce to a pointwise mapping?

E H

e
/

! Physical Optics \
w/o Diffraction

¥

When does the Fourier transform behave in a
pointwise manner?

We need to identify that part of
physical optics, which deals with the
“geometrical laws relating to the
propagation of the ‘amplitude

vectors' E and H.” Citation
Page 125 e
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Example: Diffraction at Circular Aperture

Truncation
by Aperture When does free-space propagation
wave a ¥ x-domain approximately reduce to a pointwise mapping?

F |7 \ 4

v ﬂ_ k-domain When does the Fourier transform behave in a
pointwise manner?
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Example: Diffraction at Circular Aperture

Truncation

by Aperture | zo = 0mm
Plane ] | >
— z axis

|E33(377 Y, ZO)‘

IOpm | =
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Example: Diffraction at Circular Aperture

Z axis

|E33(377 Y, ZO)‘

IOpm | =
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Example: Diffraction at Circular Aperture

10 pm

|E33(377 Y, ZO)‘

|20:Omm

_ Ew(xaya Z)

Fourier
transform
pair

~

E.(ky,ky, 2)

B — ~
Z axis

kx [1E6 m™"]
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Example: Diffraction at Circular Aperture

40 pm

¥ [l

|E$(m7 ya Z)‘

|© _ Euey.z)

I 0.0033..

|20:25|Jm

Fourier )
transform 3
pair _% =1 0.67785
n T P ' in k-d ' h A
8 ropagation In k-domain changes
Ly (kx’ kf‘/’ Z) ~— phase only (dielectrics w/o damping):

E.(22) = Ey(21) x exp |1k, Az]
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Example: Diffraction at Circular Aperture

40 pm

|E$(m7 ya Z)‘

|20:25|Jm

_~ Ew(xaya Z)

Fourier
transform
pair

~

E.(ky,ky, 2)

IE — ~
Z axis

kx [1E6 m™"]
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Example: Diffraction at Circular Aperture

60 um

|zo =100 pym

. By (z,y, 2)|
| Eu@y2)
Fourier i
] transform -
f pair g -
I E.(ky,ky, 2)
7 —

kx [1E6 m™"]
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Example: Diffraction at Circular Aperture

120 pm

|E$(m7 ya Z)‘

I 0.0005...

21 _~ Ew(xaya Z)

Fourier i
transform 3
pair s
E.(ky,ky, 2) ;

BO\;QOO pm

kx [1E6 m™"]

VirtualLab Fusion Software @ www.lighttrans.com



Example: Diffraction at Circular Aperture

8 mm

/

| Zop = 6mm

. —

\

|E$(m7 ya Z)‘ s
; I Eu(y.2)
Fourier i
transform -
- pair s
: I Ea:(kxakyvz)\ m

- —
—

kx [1E6 m™"]
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Example: Diffraction at Circular Aperture

12 mm

_~ Ew(xaya Z)

Fourier
transform
pair

~

E.(ky,ky, 2)

kx [1E6 m™"]
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Example: Diffraction at Circular Aperture: Far Field Zone

\

—
\

Bz (2, y, 2)|
I Eu(a,y.2) I
Fourier
: transform ~
= '““ pair =

¥ [mm] kx [1E6 m™"]
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Example: Diffraction at Circular Aperture: Far Field Zone

\

i

Pointwise relationship
between both domains! =
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Example: Diffraction at Circular Aperture: Far Field Zone

P
\

Truncation

by Aperture
Piane a_ . x-domain )
: ( Inverse Fourier ]

F F1 transform behaves

: pointwise.
LS a- : k-domain
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Example: lllumination of Slide with Spherical Wave

Mask

Transmission
Spherical
Wave

N

When does free-space propagation
approximately reduce to a pointwise mapping?

- x-domain '

F When does the Fourier transform behave in a
pointwise manner?

k-domain
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Example: Propagation Behind Mask

Mask

Transmission

|E:C('CC7 Y, ZO)‘

Spherical
Wave

Z axis
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Example: Propagation Behind Mask

Z axis

|Eaf(x7 Y, ZO)‘

VirtualLab Fusion Software @ www.lighttrans.com



Example: Propagation Behind Mask

Z axis

|E:E(x7 Y, ZO)‘

/ Ex(iC,y,Z)

Fourier
transform
pair

~

E (kg ky, 2)

¥
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Example: Propagation Behind Mask

Z axis

|Em(33,y, z > ZO)|

~ Ex(ZC,y,Z)

Fourier
transform
pair

~

E (kg ky, 2)

\_
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Example: Propagation Behind Mask

Z axis

-

Mask
Transmission

Spherical . Detect x-domain -
Wave a' : B do Both Fourier transforms
: P 1

behave pointwise:
v ﬂ- : k-domain

no diffraction
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Pointwise Behavior of Fourier Transform

p=(z,y)

[1]

x domain k domain

Hm-z

Pointwise relationship
between both domains!

H|u;
: H .
ey

P = (‘L*y) K = (kiky)
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Pointwise Fourier Transform (PFT) Algorithm

If Fourier transform (FT) behaves
approximately pointwise,

9

Pointwise Fourier Transform (PFT) algorithm
enables very fast evaluation of FT.

x domain k domain

Pointwise relationship
between both domains!

P = (‘L*y) KR = (kiky)

2020

Research Article

Vol. 28, No. 7 /30 March 2020/ Optics Express 10552

Optics EXPRESS

Theory and algorithm of the homeomorphic
Fourier transform for optical simulations

ZONGZHAO WANG,"2" OLGA BALADRON-ZORITA,"2(® CHRISTIAN
HELLMANN,® AND FRANK WYROWSKI'
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Geometric and Diffractive Field Zone

Geometric Zone Diffractive Zone Geometric Zone

Geometric Field Zone: Fourier transform
(FT) behaves approximately pointwise.

~
.' Pointwise Transformation
Pointwise Fourier Transform (PFT) algorithm Index (PTI) used to
enables very fast evaluation of FT. specify threshold.
J/
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Pointwise Behavior in Presence of Aberrations

Vi(p) = |Vi(p)|exp (iv(p))

v(p) = v (p) + ¢v*(p)

“+” coma x

Zernike Phase Plate ‘47 trefoll
trefoil x “+” tetrafoil y “+” tertiary spherical
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Results of Fourier Transform

Amplltude ‘Vg
E
Amplitude |V, (p =
175 2
A X
TK E ool
= 3 — zer _ 73 d zer _ Zl zer _ Z"S Zl
A deviation of PFT & © ¢ =c @ ¢ =c ©) ¢y =i +‘2
N from FFT X
algorithms ~0.1% ¥ E
O g =0 =
=
Ve (p) = Ve (p)|exp (iv(p)) x
h 1’
w(p) = P (p) +¢*(p) (f) ¥7 = c32,* (@) Yoo = ¢4z 2 (h) g =32t + c4z

\I

ofojo]

(i) v* = csZ3 () v™ =62 (k) ¢* = 523 + ¢ ZY
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Geometric Propagation of Electromagnetic Fields

Geometric Zone Diffractive Zone Geometric Zone
—N\ T —--— R
I_V / \ Z axis
//
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Geometric Propagation of Electromagnetic Fields

Geometric Zone

Diffractive Zone

Geometric Zone

[

/

—N
>
\

Z axis
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Geometric Propagation of Electromagnetic Fields

Geometric Zone Diffractive Zone Geometric Zone

\ | —

- : Z axis
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Pointwise Approximation of Fourier Transform

Vi(p, 2) = Ue(p, 2) exp [i(p, 2)]
= (IVelp. 2)| exp [iae(p, )] ) exp [iv(p, 2)]

Example: propagated Gaussian Laguerre beam
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Pointwise Approximation of Fourier Transform

‘/ﬁ(p; Z) = Ue(l% Z) exXp [1¢<p7 Z)}
= (IVelp, =) exp [ice(p. 2)] ) exp [iv:(p, 2)]

[ Wavefront Phase ]

[E=3 KR~

VirtualLab Fusion Software @ www.lighttrans.com



Pointwise Approximation of Fourier Transform

Vi(p, 2) = Ue(p, 2) exp [i(p, 2)]
= (IVe(p, ) exp [iae(p, 2)] ) exp [i¥:(p, 2)]

/f Legendre ]

L transformation
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Pointwise Approximation of Fourier Transform

Vi(p, 2) = Ue(p, 2) exp [i(p, 2)]
= (IVelp. 2)| exp [iae(p, )] ) exp [iv(p, 2)]

P F Bxxth (). yyth (P) |9y (p) ||k () [factor o(p)
1 p— k(p) =Vi(p)
v same sign (+) small | >0 +i
one/both =0 #0 <0 |
Vi(k,z) = Ay(k, z) exp [1¢(F6 Z)} different sign any <0 |
= (“N/g Kk, z)|exp | 1ﬁg (K z)}) exp [iq@(n,z)} same sign large <0 |

Ag(r, 2) = /13,0 (Uelp, [l 2) ] 0« p()

Ok,2) = (¥(p,2) = - p)lp < p(x)]
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Pointwise Approximation of Fourier Transform

exp [itp(p, 2)]

Exponential function

must not be sampled!

Spline interpolation
of wavefront phase
is suitable.

Vi(p,z) = Ui(p, z) exp [W(P» z)}
= (Welp, 2)lexp [iae(p. )] )
L F
p —lk(p) = Vi (p)
\ 4
Vi(k,2) = Ay(k, 2) exp [ig(k, 2)]
= (f/ K, z)| exp 1ﬁg(l<a Z)D exp [iq@(n,z)}

Aulr,2) = 1/13,(R)| (Uelp, 2)(p.2) ) [p — plx)]

Ok, 2) = (V(p,2) — k- p)lp < p(K)

Spline interpolation
of wavefront phase
is suitable.

« Spline interpolation requires only a
small number N of sampled values.

= + The computational complexity of the
Pointwise Fourier Transform algorithm
scales linearly with this small V.
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Pointwise Approximation of Fourier Transform

—_—

|

Spline interpolation
exp [iY(p, 2)] of wavefront phase.
i (p, Z)}) exp [iY(p, 2)]

Vek,2) exp [iBe(s, 2)] ) exp [i(k, 2)]

\

Spline interpolation
of wavefront phase.

3, (Uelp, 2)(p,2) ) [ - p(k)]

Bk,2) = (V(p,2) = - p)lp = p(x)]

[ |

The pointwise Fourier transform
algorithm requires incorporating
both gridded and gridless
sampling techniques.
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Algorithm for Geometric Propagation of Electromagnetic Fields

Vi(p, 2) = Ue(p, 2) exp [i(p, 2)]
= (IVelp. 2)| exp [iae(p, )] ) exp [iv(p, 2)]

 p s s(p) = Vid(p)

<
2
<

V(k,z™) V(k,z2o")
X exp [il% ZAz}

Vi(k,z) = Ay(k, ) exp [i(r, 2))]
(“N/g Kk, z)|exp | 1ﬁg (K z)}) exp [iq@(n,z)}

Aur,2) = \J13,(8)|(Uelp. 2)(p.2) ) o < p(x)]
o(k, 2)

[ (k)]
— (zp(p, 2) —K‘,'p) lp « p(K)]

‘/E(pv Z) = Uﬂ(p’ Z) exp {Hb(pv Z)}
= (Velp, )l exp [icu(p, 2)] ) exp [it:(p, 2)]
Uslp, 2) = VI3 (Ae(r, )5k, 2) ) [k < w(p)]

W(p,2) = (B, 2) + k- p) [k  K(p)]

Vg(h:, z) = flg(n, z) exp [igg(h',, z)}
= (\Vg(ﬁ:, 2)| exp [iBg(K,, z)}) exp [igg(n, z)}
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Pointwise Approximation of Fourier Transform

Vi(p, z) = Us(p, z) exp [ (p, 2)] Ve(p, 2)

= Uﬂ(p’ Z) exp {Hb(pv Z)}
= (IVi(p, )l exp [icu(p, 2)] ) exp [iw(p, 2)]

= (Velp, )l exp [icu(p, 2)] ) exp [it:(p, 2)]

V(p, ™) V(p, zom) Uelps2) = v/ 1k(o)] (At 2[5 2) s = ()]
¥(p.2) = (3(k.2) + K- p) 5 += K(p)
: S 1
: p— k(p) = Vi(p) H ﬂ‘ 5 R
V(k, 2™ V (K, 2°7%) E.’F_l
~ N x exp [ik.Az] ko pl(k) = ~Vo(k)
Vi(k,2) = Ay(k, 2) exp [id(k, 2)] :

(“N/g Kk, z)|exp | 1ﬁg (K z)}) exp [iq@(n,z)}

A, 2) = \J13,(0)|(Uetp, 2[5 (0. 2) ) Ip « () Vo(r,2)
Ok, ) = (¥(p.2) — k- p) [ p(K)]

= Ay(k, z) exp [igg(h',, z)]
= (\Vg(ﬁ:, 2)| exp [iBg(K,, z)}) exp [igg(n, z)}
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Gouy Phase Shift
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Analysis of Coordinate Mapping

pout _ _@&(zou‘c)

»
L

Given lateral position
in input plane.

out

SN
Output position
follows from physical
optics propagation!
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Analysis of Coordinate Mapping

pout _ _@&(Zout) -
" ¢ X exp [iszz} ]

v

~In zout

Bk, ) = Bk, 2™) + Az Rk, (k)
Bk, ") + Az R /K32 — |||
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Analysis of Coordinate Mapping

pout _ _@&(zout)

in

v

~In zout

Bk, ) = Bk, 2™) + Az Rk, (k)
Bk, ") + Az R /K32 — |||

P (1) = — (V(22")) ()
— P (k) — Az %(@kz) ()
kz(&_) .
k2(k) + k2 (k)

= p"(K) + Az

k, =k, +ik,
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Analysis of Coordinate Mapping

pout _ _@&(zout)
pin
5(p™)
Zin zout >
5. pout _ ,r.in _ (pout, Zout) _ <pin, Zin) QE(K‘,, Zout) _ gB(K‘,, Zin) T Az %i{z(f’{,)
T e 2 = (2]

Bk, ") + Az R /K32 — |||

P (1) = — (V(22")) ()
— P (k) — Az %(@kz) ()
kz(n_) .
k2(k) + k2 (k)

= p"(K) + Az

k, =k, +ik,
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Analysis of Coordinate Mapping

pout _ _@&(zout)
pin
8(p™)
Zin zout >
5. ,r.out . ,r.in _ (pout out) <pin, Zin) QE(K‘,, Zout) _ gB(K‘,, Zin) T Az %i{z(f’{,)
T e 2 = (2]

@

Bk, ") + Az R /K32 — |||

kz(n) K

( - 2) [FL — (Vib(zin))(P)} P (k) = —(@qg(zom))(k.:)
VE(R) k]2 + (k2(k) + (%))

‘ No or very small absorption

— P (k) — Az %(@kz) ()

__ _in kz(K’)
B TP S T

[gJ_(pa z' )

(Vo (™) (p
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Analysis of Coordinate Mapping

pout _ _@&(zout)
pin
5(p™)
Zin zout >
R pout _ ,r.in (pout, Zout) _ <pin, Zin)
§ = u in|| u u in ~in Physi I [
[rout — pin|| — |[(pout, zout) — (pin, zin)| ysical Optics
. E H
kz ‘ ,, - ~ ~
S (KI) r > [FL — (Vzb(zm))(p)} / Physical Optics \\l
\//{32(&) |,,‘.,H2 kQ( ) +E§(K’)) w/o Diffraction /I
‘ No or very small absorption
We need to identify that part of
, ( ) physical optics, which deals with the
31(p,2") = “geometrical laws relating to the
kOn propagation of the 'amplitude
vectors'E and H.” Citation [EEt
Page 125
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Pointwise Approximation of Fourier Transform

w(pa Z) = Ue(l% Z) exXp [1¢<p7 Z)}

‘/E(pa Z) = Uﬁ(p? Z) €xXp [1¢(p7 Z)}
= (Valp, =)l exp [iee(p, 2)] ) exp [1(p, 2)]

= (IValp. 2) exp [iae(p, 2)] ) exp [iw(p. 2)]
Uslp, 2) = VIl (Ae(s, 2 [k ) [k < w(p)]

V(p, ") V(p,2*") .
A Y(p,z) = ((b(ﬁ:, z)+ k- P) [k < k(p)]
s
L, (o) = V(o) ; P | :
V(k, 2™ V (K, 2°")
X exp [ilvszz} h(k) = —V (k)

Vi(k,2) = Ay(k, 2) exp [ig(k, 2)]
— (‘f/g(,g, 2)| exp [iBg(n, z)}) exp [iq@(m, z)]

Ag(r, 2) = /13,0 (Uelp, [l 2) ] 0« p()

Seamless inclusion of diffraction by replacing one or both PFT by FT!
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Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone Geometric Zone

I—| / / \ Z axis
//

2019
Forward FFT O
Fon-‘lard SFr |:J 4 Vol. 36, No. 9 / September 2019 / Joumnal of the Optical Society of America A 1851
: o ,Jolusrnal of the
: % : tical Socie
Forward PFT p of /\merg OPTICS, IMAGE SCIENCE, AND VISION
H Inverse FFT O Isolating the Gouy phase shift in a full
Geometrlc - physical-optics solution to the propagation
P ro a t- n Inverse SFT _J prob Iem
p g a I O Inverse PFT ER OLGA BaLabron-ZoRma,"** & ZonazHAO WANG,'” CHRIsTIAN HELLMANN,*® aND Frank Wyrowski'

VirtualLab Fusion Software @ www.lighttrans.com



Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone

Geometric
Propagation

/
——
\
Forward FFT O
Forward SFT O
Forward PFT
Inverse FFT O
Inverse SFT D
Inverse PFT 3

Geometric Zone

[

ab rusion

Wi

I_\
>
\

2019

Vol. 36, No. 9 / September 2019 / Journal of the Optical Society of America A 1851

Journal of the

Optical Society

of America OPTICS, IMAGE SCIENCE, AND VISION

Isolating the Gouy phase shift in a full
physical-optics solution to the propagation
problem

OLGA BaLabron-ZoRma,"** & ZonazHAO WANG,'” CHRIsTIAN HELLMANN,*® aND Frank Wyrowski'
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Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone Geometric Zone

2019
Forward FFT O
Fon-‘lard SFr |:J 4 Vol. 36, No. 9 / September 2019 / Joumnal of the Optical Society of America A 1851
: o ,Jolusrnal of the
: % : tical Socie
Forward PFT p of /\merg OPTICS, IMAGE SCIENCE, AND VISION
H Inverse FFT O Isolating the Gouy phase shift in a full
Geometrlc - physical-optics solution to the propagation
P ro a t- n Inverse SFT _J prob Iem
p g a I O Inverse PFT ER OLGA BaLabron-ZoRma,"** & ZonazHAO WANG,'” CHRIsTIAN HELLMANN,*® aND Frank Wyrowski'
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Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone

Fast equivalent to
Rayleigh-Sommerfeld
integral

—

Geometric Zone

/ : ab rusion
5

=

Foreard FFT

Forward SFT

Forward PFT

Imverse FFT

Imverse SFT

Inverse PFT

-

0aedaaa

Ny

2019

Research Article Vol. 27, No. 11| 27 May 2019 | OPTICS EXPRESS 15335

Optics EXPRESS

]-__1 Application of the semi-analytical Fourier
transform to electromagnetic modeling

ZONGZHAO WANG,"2 SITE ZHANG,"'2 OLGA BALADRON-ZORITA,2
CHRISTIAN HELLMANN,? AND FRANK WYROWSKI'
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Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone Geometric Zone

\ S
= :: Z axis

/ \\

Forward FFT a 2021

Forward SFT a A Vol. 29, No. 2/18 January 2021/ Optics Express 1774 |
Forward PFT J

i Inverse FFT O Generalized far-field integral
Generalized B 9
. . Inverse SFT UJ ZONGZHAO WANG, 2" OLGA BALADRON-ZORITA,":2® CHRISTIAN
Far-Fleld |nteg ral - HELLMANN,® AND FRANK WYROWSKI'
Inverse PFT (4

VirtualLab Fusion Software @ www.lighttrans.com



Propagation Scenarios and Selection of Fourier Transform

Geometric Zone Diffractive Zone

\

e

/V
/
Forward FFT
Forward SFT
Forward PFT
Generalized e
. Inverse SFT
Debye integral .

Geometric Zone

| =

\

a

O

L F

] 8 8

2020

Vol. 28, No. 17/ 17 August 2020/ Opfics Express 24459 |
Optics EXPRESS

Generalized Debye integral

ZONGZHAO WANG,2" OLGA BALADRON-ZORITA,2® CHRISTIAN
HeLLMANN,® AND FRANK WYRoOWSKI'
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Geometrical Optics for Electromagnetic Fields

\
Enables the seamless inclusion of

Physical Optics diffraction effects within a physical
optics simulation framework.

J

5 Seamless control by
manual or automatic
selection of Fourier
transform algorithms!

Physical Optics
w/o Diffraction

Control of accuracy-speed balance
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Interferometer Modeling: Pointwise FT Algorithm Only

detector

Intensity
achromat 0.79715
Edmund optics
No. 49-664 probe
beam \
splitter
spherical wave
< E
£ 0.38761
.-

- monochromatic
- wavelength: 528 nm h=130 nm

-0.021...

mirror (tilt)
-10 -5 0 5 10

X [mm]
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Interferometer Modeling: Automatic Selection of FT Algorithms

achromat
Edmund optics
No. 49-664

spherical wave
- monochromatic
- wavelength: 528 nm

mirror (tilt)

detector

probe

AN

beam
splitter

<+>»

h=130 nm

Y[r

Intensity

-10 =0 0 -, 10

0.79715

0.38761

-0.021...
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Seamless Inclusion of Diffraction Effects

[ 0.79715

detector
H,

0.38761

¥ [mm]

achromat
Edmund optics
probe

No. 49-664
beam
splitter

-0.021...

[ 0.79715

spherical wave
- monochromatic
- wavelength: 528 nm

0.38761

¥ [mm]

mirror (tilt)

-0.021...
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Megatrend Multiscale Optical Simulation and Design

Enables the seamless

Physical Optics inclusion of diffraction effects
within a physical optics

simulation framework.

Multiscale
= Optical
_ ! Simulation

: | Source

Micro
Nano Model #3
Structures

-———

/
Physical Optics k
w/o Diffraction

Requires = Tk
generalization of
geometrical optics

We need to identify that part of
physical optics, which deals with the

Prisms, Detector
Plates &
Cubes

in theory and “geometr{cal laws relating to the
s ~al »1 propagation of the 'amplitude
/ praCtlce' ' vectors' E and H.” Citation oo
Virtuallabason Page 125
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