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VirtualLab Fusion Software

We aim to develop and
apply algorithms, whose
numerical complexity is
linear in number of
sampling points wherever
possible.
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VirtualLab Fusion Software

All examples in the talk are
done with this software.

The software is based on ideas
and concepts presented in talk.

Diffractive
Optics
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National Research Council

National Academy Press

OVERVIEW 6

fiber-optic communications, compact disks, laser surgery of the retina, and laser welding. Other developments in
optics have perhaps been less obvious, but their impact can be equally well seen in the commodities and
conveniences of our world. Examples include optical lithography systems for making computer chips, high-
resolution microscopes, adaptive optics for ground-based astronomy. infrared sensors for a multitude of
applications, and highly efficient lighting sources. The sidebar on page 7 suggests some of the ways in which
these and other optical technologies affect our everyday lives.

[()I"I'I('S: A PERVASIVE }IN.\BI.I-ZR]

Not surprisingly, then, optics is rapidly becoming an important focus for new businesses in the global
economy. In the United States, both large and small businesses are significant players in emerging optics
business activity. Optics-related companies number more than 5,000, and their net financial impact amounts to
more than $50 billion annually. More significant than this, however, is the role of optics as an enabler. Just as a
lens in a pair of glasses enables clear vision, so an investment of a few hundred million dollars in optical-fiber
technology has enabled a trillion-dollar worldwide communications revolution. A mere six laser transmitters are
used in a transatlantic 1 lepl: tr system that can carry 40 million simultaneous
conversations. The cost of the lasers is a tiny fraction of the cost of the system or the revenue it generates, but
without them the system would be useless. Indeed, in his report to Congress on July 22, 1997, Federal Reserve
chairman Alan Greenspan alluded to this enabling role: "We may be observing ... a number of key technologies,
some even mature, finally interacting to create significant new opportunities for value creation. For example, the
applications for the laser were modest until the later development of fiber optics engendered a revolution in
telecommunications.”

As another instance, a compact disk player incorporates hundreds of intricate electronic and mechanical
parts, all working together and all absolutely dependent on a single laser costing less than a dollar to illuminate
the spinning disk. The following pages contain dozens of additional examples. Often, perhaps even usually,
those who developed the enabling optical technologies never imagined their ultimate applications. In this report,
the committee has thus sought to address the pivotal question, How does one support and strengthen a field such
as optics whose value is primarily enabling?

The remarkable breadth of optics' enabling role is both an indicator of the field's importance and a source of
challenges. Virtually every

LightTrans International GmbH



Optics and Photonics: Enabling Technology
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Sources, Components, and Detectors
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Optics as enabling technology requires maximum
flexibility in source, component and detector modeling.
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System Modeling and Design
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System Modeling and Design: Digital Twin (Optics & Photonics)
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What theories and technologies can be used for
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Geometrical and Physical Optics

« Geometrical (ray) optics is very powerful in « Physical optics provides solutions beyond
optical modeling and design in a wide range of geometrical optics, because ...
applications.

o Comment: Special connection to physical
optics is essential for PSF/MTF calculation in

lens design.
« Geometrical optics dominates optical modeling
and design in theory, practice, and software
products.

James Clerk Maxwell
(1831 - 1879)

5 Euclid of Alexandria Pierre de Fermat Qs ;’ Phvsical Opt
(c. 325 BC — 265 BC ) (1601 - 1665) ‘ ysical Uplcs

f
8
g1 0

Geometrical Optics
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. Physical Optics Includes Geometrical Optics

FWILEY

FUNDAMENTALS OF

PH OTO N I CS Quantum Optics
e Electromagnetic
Optics
Wave Optics
Ray Optics

B. E. A. Saleh

BRI Page 2
James Clerk Maxwell
(1831 —-1879)
= Euclid of Alexandria Pierre de Fermat BE/EE Phvsical Opti
(c. 325 BC — 265 BC ) (1601 - 1665) ‘ ysical Uplics

Geometrical Optics
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Physical Optics Includes Geometrical Optics

Optics and Photonics: Enabling Technology

What is needed in optical
modeling and design?

Physical Optics

Ray Optics

Sources, Components, and Detectors

plates &
NL \Others| nrigmg

‘;W‘Bs SHicE o fibers Component :‘:2?:;3 S D;t;actor -
Modeling waveguides |, Modeling | meta lensos spectrometry | Modeling |, 2eofl
+ Physical optics provides the needed /\ o
ﬂeXIbII_Ity In Opt|Ca| mOdellng anC! deSIQn' Optics as enabling technology requires maximum
e But this fact has no Strong praCt|Ca| flexibility in source, component and detector modeling.
CO n Seq u e n Ces yet . LightTrans International GmbH
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Physical and Geometrical Optics: Theory

FUNDAMENTALS OF

Principles o
i PHOTONICS

dddddd

Physical Optics

Ray Optics
ez The connection between
' fundamental geometrical and physical optics is
OPJ’_'ZF"' Design almost not visible.

JJJJJJJJJJJ

EII!IIIIBGI‘III!I A Coursein

Lens Design

Michael 1. Kidger

LightTrans International GmbH



Physical and Geometrical Optics: Practice

Physical Optics

Ray Optics

Ray optics (tracing) software
for, e.qg.,

* Lens design

« Lighting

Physical optics software, e.g., |

FDTD

FEM

S matrix coating

S matrix grating (FMM/RCWA)
Special mode solver

BPM —

__ Not suitable for
system modeling

Some
connections

Optical system modeling
relies on ray tracing software.
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Physical and Geometrical Optics: Practice

Physical optics software, e.g.,‘
Physical Optics L oTD

« FEM
* S matrix coating
* S matrix grating (FMM/RCWA)
« Special mode solver

Ray Optics * BPM

__ Not suitable for
system modeling

Some
connections
X Sources, Components, and Detectors
Ray optics (tracing) software A b
« Lens design ey \praum
* ng htl ng Optics as enabling technology requires maximum

flexibility in source, component and detector modeling.

International GmbH
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Physical and Geometrical Optics: Demand

Current situation:

; : » Geometrical and physical optics coexist

PhySICal OptICS without a powerful connection in theory
and practice.

« Some design tasks apply specialized
connections, e.g., PSF/MTF calculation in
lens design.

Demand:

« Seamless transition between geometrical
and physical optics in theory and
practice.

Ray Optics

Is that a reasonable demand?

LightTrans International GmbH



Physical and Geometrical Optics: Light Representation

* Light representation in physical optics:

: : E(r) = (E(r), £y(r), E.(r)) and
Physical Optics H(r) = (Hy(r), Hy(r), H.(r))

 Light representation in geometrical optics:
Ray position r, direction s, OPL, and flux ®

Ray Optics

Demand:

« Seamless transition between geometrical
and physical optics in theory and
practice.

Is that a reasonable demand?

LightTrans International GmbH



Physical and Geometrical Optics: Light Representation

* Light representation in physical optics:

: : E(r) = (E(r), £y(r), E.(r)) and
Physical Optics H(r) = (Hy(r), Hy(r), H.(r))

 Light representation in geometrical optics:
Ray position r, direction s, OPL, and flux ®

Different light representations prevent
a seamless transition between
physical and geometrical optics!

V

We must formulate our
objective in a different way!

LightTrans International GmbH



Physical and Geometrical Optics: Light Representation

Physical Optics

E(r), H(r)

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.”

C itat i O n fro m ot et a Dttec RS I p a ge 1 2 5
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Geometric Branch of Physical Optics

Physical Optics

Physical-optics
generalization of
geometrical 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
Optics

C itat i O n fro m ot et a Dttec RS I p a ge 1 2 5
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Geometric Branch of Physical Optics

1

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~% cm). 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, i.c.
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

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

7th (.expdﬂd@d) 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‘1|na1ed rcgii’m',}and that the \.'an;lim is not monotonic but is of an ugismllamr}'
. character, manifested by the appearance of bright and dark bands, called diffraction
Emll WOlf ¥ fringes. The region in i'hich ll:l?: rapid n'nriallsf: 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, Straffenoprik (Berlin,
Springer, 1931), p. 179; Z Instrumentenkunde, 81 (1932), 429-435, 485493, 534542, C. Coarnthéodory,
Geomerrische Optik (Berlin, Springer, 1937) and E. Mach, The Principles of Physical Optics, A Historical
and Philosophkical Treatmens (First German edition 1913, English translation: London, Methuen, 1926;
reprinted by Dover Publications, New York, 1953),

1 That the boundary becomes sharp in the limit a:
Marh. Phys., Vol. 1 ( Mashematische Opiik) (

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

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

Interference and Diffraction of Light

y — 0 was first shown by G. Kirchhofl, Forfesungen i
Tuebner, 1891), p. 33. See also B. B. Bakerand E. T.

e
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Geometric Branch of Physical Optics

3.1 Approximation for very short wavelengths 125

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

ds 1 1
t=———>=—dS=—ds (39
(gradS¥ n? n ‘
so that we finally obtain the following expressions for the ratio of the intensities at any
two points of a ray:
L 1 e ‘:\A““ etk o= J-'.;g"", (40)
Ly 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 S, 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. 1t is, however,
possible, and from our point of view quite natural, to extend the meaning of
geometrical optics to embrace also certain ical 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

ky is sufficiently large (g 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 /07 introduced by
(38), the equations L = 0 become

;{Jr% (YZS - L;‘“)r + (e-gradln n) grad S = 0, (41)
6h 1(_,. dlne

b el [ 1T S ectwmitl] | T B g | 5 =0. 42
('ir+2( S o )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. Kline 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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Geometric Branch of Physical Optics

Physical Optics

Physical-optics
generalization of
geometrical 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
Optics

C itat i O n fro m ot et a Dttec RS I p a ge 1 2 5

We follow Max Born’s and
Emil Wolf’s advice!
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Geometric Branch of Physical Optics

Physical Optics

Geometric Branch
of 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
Optics
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Physical and Geometrical Optics: The Objective

Current situation:
» Geometrical and physical optics coexist

Physical OptICS without a powerful connection in theory

and practice.

« Some design tasks apply specialized
connections, e.g., PSF/MTF calculation in
lens design.

V

Our objective:
« Seamless transition between physical
Search for a seamless optics and its geometric branch in theory

transition reasonable! and practice.

Geometric Branch
of Physical Optics
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Physical and Geometrical Optics: The Objective

Current situation:

» Geometrical and physical optics coexist

Physica| OptICS without a powerful connection in theory
and practice.

« Some design tasks apply specialized
connections, e.g., PSF/MTF calculation in
lens design.

V

Our objective:

« Seamless transition between physical
optics and its geometric branch in theory
and practice.

Geometric Branch
of Physical Optics

Geometrical Optics « Geometrical optics follows from the
geometric branch by restricting to a ray-
r, s, OPL, @ optical light representation.
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Unified Modeling: The Major Trend

Our objective:

Physical Optics « Seamless transition between physical

optics and its geometric branch in theory

. and practice.

of Physical Optics ! « Geometrical optics follows from the
E(r),H ' geometric branch by restricting to a ray-

optical light representation.

E(r),H(r)

Geometric Branch

) .
Geometrical Optics l

r, s, OPL, ®
James Clerk Maxwell
(1831 - 1879)

& Euclid of Alexandria Pierre de Fermat
(c. 325 BC — 265 BC ) (1601 - 1665)

Physical Optic:

Geometrical Optics
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Unified Modeling: The Major Trend

Unified modeling provides the
foundation and the direction of the
software development!

VirtualLabrusion

James Clerk Maxwell
(1831 - 1879)

& Euclid of Alexandria Pierre de Fermat
(c. 325 BC — 265 BC ) (1601 - 1665)

Physical Optic:

Geometrical Optics
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Geometric Branch of Physical Optics

Physical Optics

E(r),H(r)
Geometric Branch
of Physical Optics

How to define the
geometric branch of
physical optics?

LightTrans International GmbH
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Geometric Branch of Physical Optics

Physical Optics

E(r),H(r)
Geometric Branch
of Physical Optics

How to define the
geometric branch of
physical optics?
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Physical and Geometrical Optics: Light Propagation

Light propagation:*
Huygens's principle

Physical Optics

Fermat’s principle

Ray OptiCS Light propagation:* ]

*Here: Propagation in homogeneous media

LightTrans International GmbH



Physical and Geometrical Optics: Light Propagation

pin Huygens’ principle pout

Integral

Physical Optics

E(Tiln, ,r.out)

E(r), H(r) B pout
2
Ray OptICS numerical complexity: O(N?)
r, s, OPL, ®
Pin Pout
Fermat’s principle
, Pointwise
r —_,S1
,r.(l)ut
in S1
rsy Q\E .\
2
WSQ
numerical complexity: O(N)
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Geometric Branch of Physical Optics: Pointwise Operations

pin Huygens’ principle pout

Integral

Physical Optics

E('I"iln, ,rout)
+

E(’I"), H(’I") E('I"iQH, ,rout)

Geometric Branch
of Physical Optics

numerical complexity: O(N?)

Pin o Pout
Fermat’s principle
: Pointwise
ri S
,r.(l)ut
1n
S2 —
rott 82
: : 2
numerical complexity: O(N)
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Geometric Branch of Physical Optics: Pointwise Operations

pin Huygens’ principle pout

Integral

Physical Optics

E('I"iln, ,rout)
+

r), H(r i
E( ) ( ) E(TIQn,’I“OUt)

Geometric Branch
of Physical Optics

numerical complexity: O(N?)

Pin Pout

Pointwise

E(Tiln) \
- E(ri, r9")

E(ry') o

— B(rip, 3"

numerical complexity: O(N)
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Geometric Branch of Physical Optics: Pointwise Operations

pin Huygens’ principle pout

Integral

Physical Optics

E('I"iln, ,rout)
+
E('I"iQH, ,rout)

Pointwise
phg’;'eiZLIgEJ[S'CS numerical complexity: O(N?)
pin pout
. Pointwise
E(rp) —
e L E(ri, i)

— B(rip, 3"

numerical complexity: O(N)

LightTrans International GmbH



Geometric Branch of Physical Optics: Pointwise Operations

Pin Pout
p=(z,y)

o' = (=", y)

Integral

Physical Optics

E*(p) = / / _B(p, P )E™(p') dz’ dy

Pointwise \
physical optics ‘ ‘
operations '
Pin Pout
/
p Pointwise p

B(p)E™(p') — E™™(p)

with coordinate mapping p’ — p(p’)

LightTrans International GmbH



Geometric Branch of Physical Optics: Pointwise Operations

pin Huygens’ principle pout

Integral

Physical Optics

E('I"iln, ,rout)

+
in out
Pointwise E(ry, ro%)
physical optics
operations
Pout
, Pointwise
E(Tlln) \
. E in out
— B(rip, rg)
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Propagation in Homogeneous Isotropic Media*

plates &

Component \iffractive &

ultrashort
diagnostic

aberrations

Source

Detector

odeing Modeling spectrometry \ Modeling part;en?(rert]ers
diffractives
source
photometry
Source
— 41 — Component — Detector
= R Component | ————>p 44
— / \
S 42 Detector
\a #2

inside

*Homogeneous media examples: vacuum, glasses, plastic, water, oil LightTrans International GmbH



Propagation in Homogeneous Isotropic Media*

in out
Huygens’ principle

"= (2, y") p=(z,y)

Vot(p,2)

So;]rce — Component <€ Component n Det;]ctor
#3
QQ Az
/ Component /\ ) ]
Source v K Detector
‘5{:7af§ #2

» Propagating an electromagnetic field

fﬁﬁde
T
V.= (:lgxa l?ya lgz»-E{w7-E{y7 }325)

between planes of arbitrary orientation or surfaces
constitutes a key technology in physical optics
modeling.

*Homogeneous media examples: vacuum, glasses, plastic, water, olil LightTrans International GmbH



Propagation in Homogeneous Isotropic Media

in

Source

#1 — Component

TR

Detector
Component —_—

#1

Source /
2

#2

e 1}
inS|de

*Homogeneous media examples: vacuum, glasses, plastic, water, olil

o Huygens’ principle
(",y)

a elkonR
/ / p 7ZO

» Propagating an electromagnetic field

out

P = (xay)

Vo (p,2)

7 dz’ dy’

T
V= (., By, Bz, Hy, Hy, H. )

between planes of arbitrary orientation or surfaces
constitutes a key technology in physical optics
modeling.
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Propagation in Homogeneous Isotropic Media*

Vio V(p, in o Pout
(pﬂ_(f ?) x-domain P Huygens’ principle
) p=(z,y) p’:(x’,y’) pZ(x,y)
‘/vim(p/7 ZO) Vout (p7 Z)
* In x-domain propagation is expressed by the a olkon R
Rayleigh-Sommerfeld integral / / (p',20) - 7 dz’ dy/’

1l<:0nR
: da’ dy’ . _ o
/ / (P, 20)5; rR * Propagating an electromagnetic field
T
V = (ExaEyaEzanaHyaHz)

between planes of arbitrary orientation or surfaces
constitutes a key technology in physical optics
modeling.
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Propagation in Homogeneous Isotropic Media*

/ 1%
V(p', 20) (P, 2) «domain

P = (x7y>

k-domain
V (K, 20) V(k,z) k= (ky, k)

* In x-domain propagation is expressed by the
Rayleigh-Sommerfeld integral

Ik)oTVLR
SR

* In k-domain we apply the pointwise operation

PV s V x eklp)Az

* The Fourier transform F is an integral operator:

(K, 2) / / z) exp(—ik-p) dz dy
T o

Pin Pout
Huygens’ principle
"= (2, y") p=(z,y)

Vo (p,2)

a elkonR
/ / p ) ZO R dz’ dy/

* Propagating an electromagnetic field

T
V = (EazaEvaza H:B)HyaHz)

between planes of arbitrary orientation or surfaces
constitutes a key technology in physical optics
modeling.
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Propagation in Homogeneous Isotropic Media

/ 1%
V(p', 20) (P, 2) «domain

p=(z,y)
.’Fk;_l
- k-domain
V (K, 20) V(k,z) k= (ky, k)

* In x-domain propagation is expressed by the
Rayleigh-Sommerfeld integral

elkobe
SR

* In k-domain we apply the pointwise operation

PV s V x eklp)Az

* The Fourier transform F is an integral operator:

(K, 2) / / z)exp(—ik-p)dzdy
T o

Numerical complexity: O(IN?)

Numerical complexity
because of FFT: O(

N)
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Propagation in Homogeneous Isotropic Media

V /
(o', 20) x-domain
p=(z,y)
Fi.
- k-domain
V (K, 20) V(k,z) k= (ky, k)

* In k-domain we apply the pointwise operation
PV s 1 x ohRas

* The Fourier transform F, is an integral operator:

~ 1 O O
Vi) =0 [ [ Vies)exp(-inp)drdy

A pointwise physical-optics propagation
iIn homogeneous media can only be
obtained, if both Fourier transforms
become (approximately) pointwise.
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Propagation in Homogeneous Isotropic Media

V(pla ZO)

x-domain
p=(z,y)
Fi.
- k-domain
V (K, 20) V(k,z) k= (ky, k)

* In k-domain we apply the pointwise operation
PV s 1 x ohRas

* The Fourier transform F, is an integral operator:

~ 1 O O
Vi) =0 [ [ Vies)exp(-inp)drdy

Pointwise Fourier transform
constitutes key technology of
physical optics modeling.
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Pointwise Fourier Transform: Demonstration

Amplitude mask

Amplitude
behind mask

x-domain

Spherical
wave

k-domain
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Pointwise Fourier Transform: Demonstration

Amplitude mask

Amplitude
behind mask

x-domain

Spherical
wave

k-domain

Small to large NA
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Results of Fourier Transform

Amplitude
behind mask

ah

-

0.66

r = +00

m—

7.23
y

e

Increasing NA
/ 1.23

\7“ = 10 mm

1.8N

’ rzlmmo/
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Pointwise vs. Integral Fourier Transform @ NA =0

Sampling Points for Different Fourier Transform Techniques

NA

0

PFT
73 x 59

FFT
(73 x 59)

3x10761/m

V(k) = (FV) (k) = (f(p)V(p)lp « p(k)]

2.5

V(k,2) / / z) exp(—ik-p)dz dy

4 % 10*1/m

0.66
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Pointwise vs. Integral Fourier Transform @ NA = 0.027

Sampling Points for Different Fourier Transform Techniques

PFT FFT
NA = 0.027 (73 x 59) (315 x 262)
V() = (FEV) (k) = (f(p)V(p))lp « p(k)] V(k,2) / / (p, z) exp(—ik-p) dz dy
|6 1 7.23
£ £
3 3
X X m
N~ N~
0 0
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Pointwise vs. Integral Fourier Transform @ NA = 0.134

Sampling Points for Different Fourier Transform Techniques

PFT FFT
NA = 0.134 (73 x 59) (1333 x 925)
V() = (FEV) (k) = (f(p)V(p))lp « p(k)] V(k,2) / / (p, z) exp(—ik-p) dz dy
|1 1.23 1 1.23

£ £
= =
X X
o o
g g

0 0
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Pointwise vs. Integral Fourier Transform @ NA = 0.804

Sampling Points for Different Fourier Transform Techniques

PFT FFT
NA = 0.804 (73 x 59) (7947 x 6225)
V(k) = (FeV) (k) = (F(p)V(p))[p < p(k)] V(k,2) / / z) exp(—ik-p)dz dy

1.9 x 1071/m

1.87

1.87

1.9 x 107 1/m
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Comparison of the Numerical Effort and Accuracy

50%

40%}

w
N
S~

deviation [ %]

10%] ,

0%

deviation

————
-
="
-=
-

0.607% / 0.190%

0.2 0.3 04

o
o

N w w N
1) (3]

N

o
logarithm of the sampling points X: (logN X)
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Facts About Pointwise Fourier Transform

The pointwise Fourier transform (PFT) is valid for
field components with sufficiently strong spheri-
cal and aberrated wavefront phases.

50% 4
deviation %
.. . . Z
The validity can be estimated for any field compo- — — smplngpoinisof e HFT N ] & E]
H H H H 40% ampling points of the FFT ~ Mes B~ - ..
nent by a pointwise transformation index. e samplingpons ofve FET 0
— =
That enables a seamless transition between in- = PG
tegral and pointwise Fourier transform in phys- g, L E
ical optics modeling algorithms by pure mathe- ks e
matical arguments. oo ,
PFT and FFT have a numerical complexity of . s B E]

O(N). However, the number of sampling points
N for PFT is significantly smaller: N*¥1T « NFFT

Typical numbers:
N¥FT =106 — 10% and NP*T =102 — 10°
Z. Wang, O. Baladron-Zorita, C. Hellmann, and F. Wyrowski, "Theory and algorithm of the

homeomorphic Fourier transform for optical simulations," Opt Express 28, 10552—-10571
(2020).
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Consequences for Physical Optics Modeling

x-domain
p=(z,y)

k-domain
Kk = (kz, ky)

Physical Optics

Pointwise
physical optics
operations

LightTrans International GmbH



Consequences for Physical Optics Modeling

Source +— Detector * x-domain

"E— k-domain

Physical Optics

— Detect
Component | —————p e:for

! urce / omponent /#3\@ I, / PO i n tWi Se
’ M ' physical optics
operations
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Consequences for Physical Optics Modeling

Subset of pointwise
operations in x-domain
(red) and k-domain
(blue).

Source +— Detector * x-domain

"a k-domain x-domain

Blue with dashed line e -

indicates pointwise
operation in k-domain.
source 3

........

LightTrans International GmbH



Consequences for Physical Optics Modeling

Source » [ Detector -—» x-domain Connections t_)etyveen
blue and red indicate
Fourier transforms.
"a_- k-domain

.........

Detector

;
’I
I
I
1
Source
II
A
\
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Consequences for Physical Optics Modeling

Dashed connections
Source 7+ Raliagigig—> *-domain between blue and red
P indicate pointwise Fourier
transforms.

'E— k-domain

.........

---------
punrt SLLT T :
IIIIIII
‘‘‘‘‘
.ot
.
.
.
.

Pointwise
Propagation

]

I
1
Source LY.
‘\
\

O. Baladron-Zorita, Z. Wang, C. Hellmann, and F. Wyrowski, "Isolating the Gouy phase
shift in a full physical-optics solution to the propagation problem," J. Opt. Soc. Am. A
36, 1551-1558 (2019).
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Consequences for Physical Optics Modeling

Source +— Detector * x-domain DaShed |.|ne Indlc_ates
= pointwise Fourier
transform.
'a k-domain x-domain | k-domain
Generalized

Detector

Debye Integral

]

I
1
Source LY.
‘\
\

Z. Wang, O. Baladron-Zorita, C. Hellmann, and F. Wyrowski, "Generalized Debye integral,"
Opt. Express 28, 24459-24470 (2020).

LightTrans International GmbH



Consequences for Physical Optics Modeling

Source 5 Detector x-domain

v ) : : )
a k-domain x-domain | k-domain

Generalized Far
Field Integral

Z. Wang, O. Baladron-Zorita, C. Hellmann, and F. Wyrowski, "Generalized far-field integral,"
Opt. Express 29, 1774—-1787 (2021).
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Consequences for Physical Optics System Modeling

Source

Sl T (e ¢ ~Componen Soliq boundary indicates
= > 2@ integral operator.
= / Component / \
50\;’2 T.- #2 Detector

{ \ #2

x-domain

k-domain

————————————————

Source /—} Component =——p Detector ’

Detector e

‘Q
“‘
I
I H#4 »
1 aust
Source 1
\
A

Seamless transition to
pointwise modeling impossible,
since FDTD not pointwise.
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Consequences for Physical Optics System Modeling

o Solver #1
# — Component |

TrrueT

. Detector
Component | ——» #1
210
Detector
#2

5()\.\\’(3e
#2

x-domain

k-domain

Solver #1
Instead of using one solver only ...

Connecting solvers is a key

technology for physical- e
optics system modeling!

I

L e e e
1
Source '

M. Kuhn, F. Wyrowski, and C. Hellmann, "Non-sequential Optical Field Tracing," in Advanced
Finite Element Methods and Applications, T. Apel and O. Steinbach, eds., Lecture Notes in

Applied and Computational Mechanics (Springer Berlin Heidelberg, 2013), Vol. 66, pp. 257-273.

LightTrans International GmbH



Consequences for Physical Optics System Modeling

o Solver #1
# — Component |

TrrueT

. Detector
Component | ——» #1
210
Detector
#2

5()\.\\’(3e
#2

x-domain

k-domain

Include rigorous and | /N SR _
approximated pointwise T P
solver.

Detector

.........

1
Source '

M. Kuhn, F. Wyrowski, and C. Hellmann, "Non-sequential Optical Field Tracing," in Advanced
Finite Element Methods and Applications, T. Apel and O. Steinbach, eds., Lecture Notes in

Applied and Computational Mechanics (Springer Berlin Heidelberg, 2013), Vol. 66, pp. 257-273.
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Consequences for Physical Optics System Modeling

o Solver #1
# — Component |

TrrueT

. Detector
Component | ——» #1
210
Detector
#2

5()\.\\’(3e
#2

x-domain

k-domain

Pointwise physical-optics
system modeling feasible.
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Consequences for Physical Optics System Modeling

—— ‘ Solver #1
= #1 / —_— Componen — Detector
= ' : omponent | —» #1 ] )
= #3 Q ! ; x-domain | k-domain
N / \-
! 50142 Detector
#2

. T e
Detector e
'I “D.
1 e*
o

Source _4
\
\
\

Pointwise physical-optics
system modeling feasible.

Geometrical Optics
r, s, OPL, ®

LightTrans International GmbH



Modeling Diagrams

(Component \f \
Source - 4% : &+ Detector ~—» x-domain

va_ 1@_ k-domain x-domain | k-domain
o AN i J

........

Types of illustrations of -
the connecting solvers & P
technology.

®
.
.
.
.
.
.
.
.
.
.
PS4
A d

----------------

----------------
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Consequences for Physical Optics System Modeling

Source
= # — Component | 1-\_* Carananent Det;ctor
——
50\11"206 / Deé(':tor
" x-domain | k-domain
Solver #1
Connecting solvers is a key é

technology for physical-
optics system modeling!

Detector
/

]

L e e e
1
Source &
\
\
A
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Suitable Solvers per Component

k-domain

x-domain

plates &
prisms

others

lenses &
mirrors

fibers

Component \ giffractive &
Modeling meta lenses

waveguides

L
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Solvers per Component

k-domain

x-domain

Layer Matrix

plates &

others prisms

lenses &

Crystal Modes : mirrors

s

fibers

Truncation

apertures &\ [V

stops

diffractive &
meta lenses

FMM/Order # FEM

Component
Modeling

FDTD |
Spi-Step JLEAS
flat

optics JRFIN
FMM/RCWA JESPItStep )
FEM |l FDTD J

CFoTD |
EEm

waveguides

scatterer

diffusers
d LPiA

| Split-Step |

TEA ;

diffractives

SLM
TEA

LightTrans International GmbH



Solvers per Component

BSDF Bidirectional Scattering Distribution Function
FDTD Finite Different Time Domain

FEM Finite Element Method

FMM Fourier Modal Method

FMM/Order FMM with mode decomposition
FMM/PML FMM with Perfect Matched Layer
LLGA Local Linear Grating Approximation
LP Linearly Polarized mode solver

LPIA Local Plane Interface Approximation
RCWA Rigorous Coupled Wave Approach
RK Runge-Kutta solver for GRIN media

L LPIA S

TEA Thin Element Approximation

Layer Matrix

plates &
others prisms

LPIA

lenses &

Crystal Modes mirrors

Truncation

apertures &\ IFYIYEYN

stops

crystals

fiers | FIM/Ordor
Component diffractive & | TMAAAA
FEM waveguides_\ Modeling j~—metalenses | iR
FMM/PML et
scatterer aelieeh
Mie BSD diffractives Split-Step
diffusers flat LEZ N FMM/RCWA
m . optics Jusry
Split-Step BSDF — EMM/RCWA Split-Step
TEA | Wl [FDTD |
FDTD
Split-Step

A. V. Pfeil and F. Wyrowski, "Wave-optical structure design with the local plane-interface
approximation," J. Mod. Optics 47, 2335-2350 (2000).

A. v Pfeil, F. Wyrowski, A. Drauschke, and H. Aagedal, "Analysis of optical elements with the local
plane-interface approximation," Appl. Opt. 39, 3304-3313 (2000).

R. Shi, C. Hellmann, and F. Wyrowski, "Physical-optics propagation through curved surfaces,"
J. Opt. Soc. Am. A 36, 1252 (2019).
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Solvers per Component

Layer Matrix i

 cdoman

x-domain

plates &

others prisms

lenses &

Crystal Modes mirrors

Truncation :

apertures &\ [V

stops

diffractive &

: Modeling meta lenses | FRNN
waveguides -
FMM/PML J LLGA
scatterer FMM/Order
J == diffractives Split-Step J\
VirtualLabsuson
diffusers flat LPIA JFCUNRCWA | b
g LPIA ¢ SLM optics TN J
: } | _ <
| Split-Step | J BSDF | — FMM/RCWA | Split-Step |
1143 ' 2022
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Solvers per Component

Spherical Lens

1 Edit Spherical Lens Component

Layer Matrix :

Solver  Sampling

®

Component Solver [Local Plane Interface Approximation (LPIA) 2 4 th
Coordinate . . . . o 0 er

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

plates &
prisms

lenses &

: : e mirrors
1. the input field on the surface is treated as a composition of local planewaves || SO0 AL .
(LPWs), Truncation
Position / 2. the part of the surface seen by each LPW is considered a plane interface Crystals -----
Crientation (locally), and,

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

s

apertures &

stops

S

fibers
; At an arbitrary location on the curved surface, an approximate local bounda . . FMM/O rder
Structure condition is :’Jplied, which assumes the interadionp:f the LPW with the Iocarlyplane CO m po n e nt d Iffra Ctlve &
interface. Thus, the Fresnel matrix (or layer matrix for coatings) can be used to connect H
T input and output fields. Learn more aboyut this solver. = WavegL"deS MOdeIIng meta Ienses LPIA J
FMM/PML LLGA
Solver

e scatterer FMM/Order :

- SSDF diffractives Split-Step

Channel

Configuration

flat FMM/RCWA
optics gy

diffusers
i LPIA i SLM
Ii_ F Split-Step BSDF — FM/RCW A L Split-Step
Free Space i
Propagation

TEA

=H GP validit: @

Help

LightTrans International GmbH



Solvers per Component

Grating

Edit Grating Component

®

Coordinate
Systems

g

Position /
Orientation

@,

Structure

Channel
Configuration

45

Free Space
Propagation

Solver  Sampling

Component Solver [FMM/RCWA [S-Matrix] v

The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists

of

1. an eigenmode solver for each periodically modulated layer and
2. an S-matrix for matching the boundary conditions between the layers.

The eigenmode solver computes the field solution in the k domain for the periodically

modulated medium in each layer. The S-matrix algorithm calculates the response of
the whole layer system by matching the boundary conditions in a recursive manner. It

is well-known for its unconditional numerical stability since, unlike the traditional

transfer matrix, it avoids the exponentially growing functions in the calculation steps.

Learn more about this solver.

(= validity: 4° H

Help

Crystal Modes

s

crystals

fibers

| Split-Step |

TEA

waveguides

scatterer

diffusers

LPIA :

\ others

Compone
Modeling

SLM

TEA

Layer

plates &
prisms

flat
optics

Matrix :

lenses &
mirrors
Truncation

apertures &

stops

FMM/Order

FMM/RCWA
TEA
FMM/RCWA JLSPlit-Step

diffractive &
meta lenses

diffractives

LightTrans International GmbH



Propagation to Component Settings: Fourier Transforms

Grating

Edit Grating Component

®

Coordinate
Systems

g

Position /
Orientation

Structure

= @

Solver

R

=
=

——

Channel
Configuration

Free Space

Propagation ?l

Solver

Sampling

Component Solver  FMM /RCWA [S-Matrix]

v

/ Edit

The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists

of

1. an eigenmode solver for each periodically modulated layer and
2. an S-matrix for matching the boundary conditions between the layers.

The eigenmode solver computes the field solution in the k domain for the periodically
modulated medium in each layer. The S-matrix algorithm calculates the response of

the whole layer system by matching the boundary conditions in a recursive manner. It
is well-known for its unconditional numerical stability since, unlike the traditional
transfer matrix, it avoids the exponentially growing functions in the calculation steps.
Learn more about this solver.

= Validity: 1\

Solver

x-domain

k-domain
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Propagation to Component Settings: Fourier Transforms

Grating

Edit Grating Component

®

Coordinate
Systems

g

Position /
Orientation

S

Structure

> =

Solver

R

=
=

——

Channel
Configuration

Free Space

Propagation ?l

Solver

Sampling

Component Solver  FMM /RCWA [S-Matrix]

v

/ Edit

The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists

of

1. an eigenmode solver for each periodically modulated layer and
2. an S-matrix for matching the boundary conditions between the layers.

The eigenmode solver computes the field solution in the k domain for the periodically
modulated medium in each layer. The S-matrix algorithm calculates the response of

the whole layer system by matching the boundary conditions in a recursive manner. It
is well-known for its unconditional numerical stability since, unlike the traditional
transfer matrix, it avoids the exponentially growing functions in the calculation steps.
Learn more about this solver.

= Validity: 1\

x-domain

Solver

k-domain
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Propagation to Component Settings: Fourier Transforms

Grating

Edit Grating Component

®

Coordinate
Systems

g

Position /
Orientation

S

Structure

> =

Solver

R

=
=

——

Channel
Configuration

Free Space

Propagation ?l

Solver

Sampling

Component Solver  FMM /RCWA [S-Matrix]

v

/ Edit

The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists

of

1. an eigenmode solver for each periodically modulated layer and
2. an S-matrix for matching the boundary conditions between the layers.

The eigenmode solver computes the field solution in the k domain for the periodically
modulated medium in each layer. The S-matrix algorithm calculates the response of

the whole layer system by matching the boundary conditions in a recursive manner. It
is well-known for its unconditional numerical stability since, unlike the traditional
transfer matrix, it avoids the exponentially growing functions in the calculation steps.
Learn more about this solver.

= Validity: 1\

Solver

x-domain

k-domain

LightTrans International GmbH



Propagation to Component Settings: Fourier Transforms

Grating

2 Edit Grating Component

Solver  Sampling

®

Component Solver  FMM /RCWA [S-Matrix] v | Edit
Coordinate
Systems The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists
of

1. an eigenmode solver for each periodically modulated layer and
2. an S-matrix for matching the boundary conditions between the layers.

g

Position /
Crientation The eigenmode solver computes the field solution in the k domain for the periodically

modulated medium in each layer. The S-matrix algorithm calculates the response of
the whole layer system by matching the boundary conditions in a recursive manner. It
is well-known for its unconditional numerical stability since, unlike the traditional

o transfer matrix, it avoids the exponentially growing functions in the calculation steps.
Structure Learn more about this solver.

S

\
&
=
(@)
o
=4
J

Solver

R

=
=

——

Channel
Configuration

e —am
I'F If !
Free Space

Propagation ?l

Ve .\ et | Bt

x-domain

Solver

‘Y28 k-domain
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Propagation to Component Settings: Fourier Transforms

Grating

Edit Simulation Settings

2 Edit Grating Component X

Solver  Sampling

Customized Modeling Level:
You can fully customize the modeling settings.

®

Overview  Speed & Accuracy Fourier Transform Selections
Component Solver  FMM /RCWA [S-Matrix] v |/ Edit
Coordinate

Sampling & Conversion
Systems

The FMM / RCWA solver works in the spatial frequency domain (k-domain). It consists
of

To Component To Detector
B Pointwise B Pointwise
; iodi From Source =
1. an e4genn'?ode solver for each periodically m9¢.iulated layer and 8 integral (] Integral T
2. an S-matrix for matching the boundary conditions between the layers.
Position /
Orientation

The eigenmode solver computes the field solution in the k domain for the periodically
modulated medium in each layer. The S-matrix algorithm calculates the response of

B Pointwise @ Pointwise
From Component
the whole layer system by matching the boundary conditions in a recursive manner. It

[ integral ®p (O integral  Rp
is well-known for its unconditional numerical stability since, unlike the traditional

transfer matrix, it avoids the exponentially growing functions in the calculation steps.
Learn more about this solver.

S

Structure

@ Pointwise
(Jintegral

Inside Component

( Component \ e
m x-domain

> =

Solver

—m—

=
=

——

Channel
Configuration

Free Space

Propagation ?l
vy ;\ et | Bt

automatic

a- k-domain
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Connecting Solvers

thermal
source

Source

i

| Source 4

ultrashort
diagnostic

aberrations

Detector )
. eam
spectrometry | Modeling /. oreters

radiometry
photometry

x-domain | k-domain

Pool of
Solvers
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Connecting Solvers

x-domain | k-domain

Source
Modeling

thermal
source

-

ultrashort
diagnostic

aberrations

Detector )
. eam
spectrometry | Modeling /. oreters

radiometry
photometry
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Connecting Solvers

« Build the system by selecting
and positioning components.

« Select the Fourier transforms.

« Customize settings on demand.

N

« Software evaluates all relevant
lightpaths through the system
based on the 3D system
configuration.

« Software knows and evaluates all
lightpaths by connecting solvers
In @ non-sequential way.

T,

Source

e Solver #1
#1 — Componert — m Detector

#1

Detector
#2

#2

Layer Matrix

plates &

Crystal Modes i

Truncation

m apertures &\ (IEYYIEYE
@ stops
= | FMM/Order |
Component diffractive & FMM/Order
FEM Modeling meta lenses | UL
FMM/PML LLGA

FMM/Order
Split-Step
TEA LPIA S\ MIRCWA

optics §a=ry
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Connecting Solvers

Detector
#1

« Build the system by selecting
and positioning components.

« Select the Fourier transforms.

« Customize settings on demand.

N

Detector
#2

- Software evaluates all relevant B B e
lightpaths through the system . of Physical Optics
based on the 3D system
configuration.

« Software knows and evaluates all
lightpaths by connecting solvers Geometrical Optics
in @ non-sequential way. r. s, OPL, &
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Content Overview

 Introduction to a unified approach
In optical modeling

* Theoretical considerations on
physical optics modeling

 Modeling examples
— Talk
— Follow-up material

3333333
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Content Overview

 Introduction to a unified approach
In optical modeling

 Theoretical considerations on
physical optics modeling

 Modeling examples
- Talk
— Follow-up material

3333333
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Modeling and Design Examples

Physical-Optics Lens System Modeling: General

Lo S
Bea}—+ domain o
a 2 + beoman " Canpsasn it
e | Wby | e
Suquence of Sutacas s
e G
( i -
| mstactcr avasstas said on P
|

paralie or fited piare.

Scenario: Laser Diode Coupling Into Fiber

Iaser diode with astigmatism
- mavabangth 405mm

hak dvargent angle (1472 B.78° k14,61
- assgmatism betwsan y and x:-1 mm

¥

THORLASS BA0BP

Scenario: Freeform Design for Irradiance Shaping

Target plane Targal madiance distribubon
Freefom
Source element
Flana vaee
T — d

Scenario: Non-Si tial Lens System Modeling

solimating abj

—

ahos inage sralysis
Ery tiking the mukipla
Faliacions beowaas
uncoated surfaces

uncoaled
into accaunt
irfacas

Scenario: Spectroscopic Investigation by Etalon

waharical lans

aRea-cpacad otalan

Scenario: Modeling Michelson Interferometer

LigheTrars [maimational Gtk

Difhygae;
~Apanicdic restom

Scenario: Light Guide for Augmented Reality

Evaluation of various merit
functicns in eye box

LigheTrars s

Scenario: Propagate Light Through Microlens Array (MLA)

Lint Source:

- Plane wave

- Viawsiorgin: 640 rm R
« Linearty polarized (Ex) — Diffraction effects at
| boundaries should be

inciuded in modesing,

2 - == i

- Armay. ot s

- PRch: 150 ym % 180 um

- Racius of curvaturs: 150 um

- Submirate: BT )
- Thicasss; 1 men

LigheTrars [maimational Gtk

Scenario: Evaluate Far Field Intensity of Diffuser

Lighd Source:

ZFlang wave

- iavekngih; 840 e
- Circudaty polarized

amay

- Trcknass: 1 mm

LigheTrars [maimational Gtk

Scenario: Calculation of BSDF and Far Field Irradiance of Rough Surface

TVt

Ingad Tl
<" Ftang wava
e i

- Lnearty poiarzad (Ex)

R Surface:
- Size: 320 x 320 ym Thickness: 6.1 pm
- Sutmirate: BKT

LigheTrars [maimational Gtk

c for Next

Paintwise physical optics modesng is included
Provide &n apen pltfom for connecting many
physical optics modeing techniques: connecting
soivers - rigorous and approximated ones.

Ray optics is casly acoesshile special mode of
operation of physical optics,
©AD components end sahvers sre combined.
Modeliryg of sources, components, and delesions can
be customized & unleash the flexibility and pawer
of physical optics modeling,

Parametric optmization shoukd be sccompanied by
Inverse and cther design spproaches.

LaiiTrans Ierratonal GtH

LightTrans International GmbH



Physical-Optics Lens System Modeling: General

/ Lens System
Spherical
s

Waves : mm 4

»

~

Sequence of Surfaces

-

Qﬂ

r

b

~

Detector = x-domain

plates &

Component

k-domain

S
diffractive &
meta lenses

EP

Modeling
Detector evaluates field on @

parallel or tilted plane.

dii‘frac:tivesi

LightTrans International GmbH



Lens System Modeling: Pointwise

Spherical /

Waves

‘a

Lens System
N Trd LPIA S

Sequence of Surfaces

N N

x-domain

E—

5 Detectorﬁ k

* k-domain
\a J

E-

Physical Optics

E(r),H(r) .~ ~
Geometric Branch
of Physical Optics

.  E(r),H(r)

Geometrical Optics
r, s, OPL, ®

plates &

Component
Modeling

=

Pointwise physical-optics
modeling provides results
known from ray tracing with
identical numerical
complexity!

S
diffractive &
meta lenses

dii‘fractivesI

LightTrans International GmbH



Lens System Modeling: PSF Calculation

Spherical /

Waves

‘a

Lens System

R 1o B

a @

Sequence of Surfaces

N

~

Detector T x-domain

e

r

k-domain
J

EP

No pointwise FT in
image plane!

plates &

others

Component
Modeling

waveguides

=

LightTrans International GmbH



Lens System Modeling: PSF Calculation (Debye Integral)

Spherical /

Waves

Lens System

R 1o B

N

Sequence of Surfaces

~

Detector T x-domain

e

r

) "\a / k-domain

EP

No pointwise FT in
image plane!

This modeling configuration is
typically assumed in ray tracing
software for PSF calculation.

plates &

others

Component
Modeling

waveguides

=

LightTrans International GmbH



Lens System Modeling: Laser Beam

Lens System
1. 1 i° S

Laser /

Beam X

N2

.

~

-

Sequence of Surfaces

Gaussian beam in its
waist does not allow PFT.

3

~

Detector r

p—

/

x-domain

k-domain

plates &

Component
Modeling

=

S
diffractive &
meta lenses

dii‘frac:’civesi

LightTrans International GmbH



Lens System Modeling: Laser Beam

/ Lens System \ / \
E// \mm 4 Y Detecto_rﬁ r x-domain

plates &

others

.

Component
Modeling

Qa‘ "a ) Qﬂ- / k-domain

Sequence of Surfaces

Paraxial fields typically
require integral FT.

By switching the type of Fourier
transforms any kind of lens modeling
is enabled, including lens system
modeling for paraxial light.

LightTrans International GmbH



Paraxial Lens System Modeling

/ Lens System \ / \
Laser me_ - y Det_gﬂq . x-domain

plates &
others prisms

.

> L
Beam lenses & W

Truncation

Component
Modeling

‘@ ‘@B o h

waveguides
Sequence of Surfaces

Paraxial lens modeling
allows use of TEA.

This modeling configuration is
typically used in Fourier optics and
laser optics books.

LightTrans International GmbH



Lens System Modeling: General

4 N

Lens System
Detector r

C N
= ml l tecto

automatic

x-domain

automatic automatic ® ® ®

I I I k-domain
@ @ e

Sequence of Surfaces

Software algorithms decide about FT
selection according to accuracy criterion.

All lens modeling situations are included
in a seamless modeling approach!

plates &

Component
Modeling

Meodeling and Design Examples

o Wil
S S W=
et 1 -
—

LightTrans International GmbH




Scenario: Laser Diode Coupling Into Fiber

laser diode with astigmatism

- wavelength 405nm
- half divergent angle (1/e”2): 8.74° x 15.63°
- astigmatism between y and x: -1 mm

THORLABS S405-XP

mode field diameter: 3.3 um

LightTrans International GmbH



Z-Extension
Extension

391.32ym|  Mini

-302.25 ym

Maximum

Incoupling Efficiency: 98%

LightTrans International GmbH



Lens System Modeling: Laser Diode Fiber Coupling

LD
—

Lens System

N/ I
' 7y Etecﬁj x-domain

J '\a- / k-domain

|

atomatic  F 1 Settings from

I automatic mode of operation

plates &

Component
Modeling

=

S
diffractive &
meta lenses

dii‘fractivesI

LightTrans International GmbH



Lens System Modeling: Laser Diode Fiber Coupling

N

( Lens System \
>0 Oy, Ommy

, TGN

@ @

0 = /Lo

Electric Field

2]

/

x

4+ Detector »

Field Amplitudes

Electric Field

g@x@

Electric Field

x-domain

k-domain

Electric Field

3 9 o= | =

Diagram  Table ~Value at (xy)

Amplitude of “Ex-Component” [V/m]

1
H 0.5
o~
0
-10 (1] 10

Xwml Jm

0.2 04

0

=
3 Y [mm]

04 0.

Diagram  Table ~ Value at (xy)

Amplitude of “Ex-Component” [mV/m]

13.715
6.8576
0

Y [mm]

o

-2 0 2
]

X [mm!

Diagram

Y [mm]

Table Value at (xy)

Amplitude of “Ex-Component” [mV/m]

- 5.599
o~
o 2.7995
o~
¥ 0

=2 0 2

X [mm]

Diagram  Table ~Value at fxy)

Amplitude of “Ex-Component” [V/m]

5.1642

2.5821

8...E-09
-10 0 10

X [um]

Y [pm]
0 10

10

plates &
prisms

Modeling

=

e b
ak =™
- -
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Scenario: Freeform Design for Irradiance Shaping

Target plane Target irradiance distribution
Freeform A

Source element

Plane wave
I
) — I-

1m

0.15m

LightTrans International GmbH



Freeform Design for Irradiance Shaping: Pointwise Design

Collimated 4

i

Lens System

-

* Ete/ctofrj- x-domain

"a- / k-domain

Design method is based on
pointwise Fourier transform.

plates &

others

Modeling

waveguides

h Component

LightTrans International GmbH



Freeform Design for Irradiance Shaping: Pointwise Modeling

BYS N

4 Detector * x-domain

Lens System ¥

Collimatedg N Tr & LPIA SRR LPIA

Qa *a. / Qﬁ. j k-domain

Divergent angle:
53°x 53° H

Y [m]

¥ [mm]

04 -D.2 0 0.2 0.4 -50 0 50

X [m] X [mm]

Divergent angle:
8.5° x 8.5°

plates &
others| " nrisms

Component
Modeling

waveguides

=
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Freeform Design for Irradiance Shaping:

Integral Modeling

Collimated

-

Lens System l h

Divergent angle:
53°x 53° H

Y [m]

04 02 0 02 04
X [m]

Y [mm]

~

73 Detector =

x-domain

k-domain

J

Divergent angle:

8.5° x 8.5°

50

50

-50 0 50
X [mm]

plates &
others prisms

Component
Modeling

waveguides

=
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Scenario: Non-Sequential Lens System Modeling

collimating objective lens (NA=0.63)

?

high-NA  €——
laser diode \

Laser Components

WSLD-1064-050m-1-PD
fundamental Gaussian
wavelength 1064nm
divergence (FWHM) 20°x10°

ghost image analysis

by taking the multiple
reflections between
uncoated surfaces

uncoated into account

surfaces

LightTrans International GmbH



Scenario: Non-Sequential Lens System Modeling

LD

Lens System

- A

B

- J

x-domain

k-domain

others

=

h Component

Modeling

plates &

prisms

diffractivesI

lenses &
mirrors

apertures &
stops

diffractive &
meta lenses

LightTrans International GmbH



Scenario: Non-Sequential Lens System Modeling

Lens System \( N\
s : ') wﬂ- x-domain

2

a ;m; vma 3 p ¥ k-domain
= 3 -
\_ = = /U )

LightTrans International GmbH



Scenario: Non-Sequential Lens System Modeling

Lens System

+H
w

=
#4

|

I

|

/

'l

- iaé
= /U

111

[T

i

| [T TP | |

1

x-domain
k-domain

#1 #2 #3 #4 #5 #6
++ v v v v v v
+/- N
-/-
-+ \[

LightTrans International GmbH



Scenario: Non-Sequential Lens System Modeling

\ Amplitude on
m detector plane
'y Detector _> X'do m al n I 5 Camera Detector 2600 after Callimation Lens... [ = || & |[s3a]
- Chromatic Fields Set

Data for Wavelength of 1.084 pm [1E-6 (V/m)"2]

» k-domain

-
)
5

Detector

{1 TP |

Interference of two modes by
internal reflection.

LightTrans International GmbH



Scenario: Spectroscopic Investigation by Etalon

spherical lens
- plano — convex
- effective focal
length 100mm

silica-spaced etalon

coatings

- varying reflectance

- material: Silicon Dioxide
& Titanium Dioxide

input spherical wave
- sodium D lines

@588.9950nm & 589.5924nm
- half divergent angle is 2.3°

fused silica

d, = 70mm ' d, = 10mm g d; = f=100mm

d,=1.686mm d,=4.3mm

LightTrans International GmbH



Non-Sequential Pointwise Modeling Etalon + Lens

Spherical \‘

Etalon
coating reflectance=82%

~

-

Lens

Waves /' :
588.9950nm | :
& 589.5924nm

Layer :

\YE

~

/

\

Detector

» X-domain

» k-domain

Spherical
Waves

Detector

Layer Matrix 3

plates &

h Component
Modeling

=

stops

diffractive &
meta lenses

diffractivesI

LightTrans International GmbH



Non-Sequential Pointwise Modeling Etalon + Lens

Etalon
Spherical
Waves : : Detector I

588.9950nm :
& 589.5924nm |

\ / Lens \ / \
: Detector » x-domain
E E N————
o 00 i :
'-@ » k-domain
AN /

Spherical
Waves

<

LightTrans International GmbH



Non-Sequential Pointwise Modeling Etalon + Lens

\Waves

588.9950nm
& 589.5924nm

Spherical / 0
rt

* i Layer

P ¥ et {7
—
—

Etalon \ 4

4 | Detector

Layer
Matrix
—

=

thi

Lens

% LPIA

~

=
—

\_
@

n 39: In Front of Etalon

[o ) ® s

Chromatic Fields Set

¥ [mm]
0

4 -3 -2 -1 0 1 2 3 4
X [mm]

Spherical
Waves

-

Detector

-

2]

H

~

Detector *

x-domain

k-domain

Detector

Interference of more than 10
modes by internal reflection.

2]

& 38: Sodium D-Lines

=N EcR ==

Chromatic Fields Set

¥ [mm)]

LightTrans International GmbH




Scenario: Modeling Michelson Interferometer

achromat
Edmund optics
No. 49-664

spherical wave
- monochromatic
- wavelength: 528 nm

mirror (tilt)

detector

?

interference
h =130 nm rnge

LightTrans International GmbH



Modeling Michelson Interferometer

detector

achromat
Edmund optics
No. 49-664

beam

splitter
spherical wave i ;
- monochromatic ] : Pl
- Wavelength: 528 nm Y. B T T TR h _ 130 nm

mirror (tilt) ."Lg}'/'er Matrix i

--------------------------

Layer Matrix :

plates &
prisms

lenses &
mirrors

fibers
| Component

Modeling

waveguides

LightTrans International GmbH



Modeling Michelson Interferometer

detector

achromat
Edmund optics

No. 49-664 probe

beam x-domain | k-domain

splitter

spherical wave
- monochromatic
- wavelength: 528 nm

<+“—>

h =130 nm

---------

Detector 7
/
[

I
1
Source &
\

mirror (tilt) Layer Matrix

LightTrans International GmbH



Modeling Michelson Interferometer: Pointwise

detector

Select pointwise Fourier
transform only.

achromat
Edmund optics

No. 49-664 probe

domain

beam
splitter

spherical wave
- monochromatic
- wavelength: 528 nm

<+“—>

h =130 nm

---------

Detector 7
/
[

I
1
Source &
\

mirror ,
Lag_/er Matrix

LightTrans International GmbH



Modeling Michelson Interferometer: Pointwise

achromat
Edmund optics
No. 49-664

detector

spherical wave
- monochromatic
- wavelength: 528 nm

mirror (no tilt)

H Intensity
] 0.25263
probe =
Layer Matrix > E o 0.12631
h=0nm -
-3..E-06

Layer Matrix
-10 -3 ] 5 10

LightTrans International GmbH



Modeling Michelson Interferometer: Pointwise

detector
H Intensity
achromat ] 0.66314
Edmund optics

No. 49-664 probe
spherical wave
- monochromatic Layer Matrix Pl = N
- wavelength: 528 nm  "eeeeeesess 0 B h=0nm 5 0.33156

-7..E-06

10

mirror (tilt
(tilt) Layer Matrix
_'IG -
X [mm]

LightTrans International GmbH




Modeling Michelson Interferometer: Pointwise

detector

H Intensity .

achromat

Edmund optics
No. 49-664 probe

0.38761

spherical wave
- monochromatic
- wavelength: 528 nm

¥ [mm]

__[T_g_yer Matrix >
h=130 nm

mirror (tilt
(tilt) Layer Matrix
-10 -5 0 5 10
X [mm]

LightTrans International GmbH




Modeling Michelson Interferometer: Pointwise

detector

Diffraction at sidewalls!

achromat
Edmund optics

No. 49-664 probe

beam x-domain | k-domain

splitter

spherical wave
- monochromatic
- wavelength: 528 nm

<+“—>

h =130 nm

---------

Detector 7
/
[

I
1
Source &
\

mirror (tilt) Layer Matrix

LightTrans International GmbH



Modeling Michelson Interferometer: Automatic FT Selection

detector

Software selects suitable
Fourier transforms.

achromat
Edmund optics

No. 49-664 probe

beam
splitter

x-domain W i
A

Automeiic
FT Selection

spherical wave
- monochromatic
- wavelength: 528 nm

<+“—>

h =130 nm

---------

.........

Detector 7
; prremm [ s, :
] b

e I
1

Source &
\

mirror (tilt) Layer Matrix

LightTrans International GmbH



Modeling Michelson Interferometer: Automatic FT Selection

detector

Intensity

achromat [ | 07975
Edmund optics
No. 49-664 probe
spherical wave ‘
- monochromatic =
«r E 0.38761
h=130 nm >

- wavelength: 528 nm

-0.021...

mirror (tilt
(tit) Layer Matrix
-10 -5 0 5 10

LightTrans International GmbH



Modeling: PFT vs. Automatic FT Selection

deteCtOF [ 0.79715
E 0.38761
achromat
Edmund optics
No. 49-664 probe
beam
splitter oot
spherical wave
- monochromatic : 3 <> M 079715
- wavelength: 528 nm  TreeaesE E R R h =130 nm
mirror (tilt) 7 —
Layer Matrix i
= =, %
-0.021... = W

LightTrans International GmbH



Scenario: Light Guide for Augmented Reality

Evaluation of various merit
functions in eye box

LightTrans International GmbH



Intensity Detector: Output View in Eyebox

Ein =1, Bin =
A =530 nm
r = 1.5 mm (left) and 1 mm (right)

Source beam radius

LightTrans International GmbH



Light Guide for Augmented Reality: Modeling

Layer I\/Iatrlx

..........................

plates &
prisms

..............

others

fibers

Component
Modeling

diffractive &
meta lenses

waveguides

5mm

LightTrans International GmbH



Light Guide for Augmented Reality: Modeling

x-domain | k-domain

.........

5mm

...............

DeteCtOl’ /’ L e ;
Jf .u------------.. --------------------------- .
Il . . .
. 3 : 1
r taamsmssanamas * | tisssssdusssssssssssmssmemat 5
1
Source &
A
\
\
v
AY

............
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Light Guide for Augmented Reality: Pointwise Modeling

Select pointwise Fourier
transform only.

' domain

.........

DeteCtOI' S TN 3
I, .u------------.. --------------------------- ",
’ H i .
Y i : 1
rFe Sasmsmsmsmamas Y | Cssssssimssssssssnmsssananad 5
1
Source &
‘\
A
\
\

..........................

5mm

LightTrans International GmbH



Intensity Detector: Eyebox

x-domain

Er=1,Er=0
A =530nm
r=15mm

.........

DeteCtOI' S TN 3
I, .u------------.. RLLLELELE LT ELL L L ILTILET) ",
’ . . . .
1 : ] : .
rFe Sasmsmsmsmamas Y | Cssssssimssssssssnmsssananad 5
1
Source &
‘\
A
\

..........................

PFT e
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Intensity Detector: Eyebox

Software selects suitable
Fourier transforms.

x-domadomain

Automatic
in __ in __ FT Selecti
E:c — 1’ Ey — 0 election
A =530nm
r=15mm

DeteCtOI' S TN 3
I, .u------------.. --------------------------- ",
’ . 5 H
1 : ] .
rFe Sasmsmsmsmamas Y | Cssssssimssssssssnmsssananad 5
1
Source &
‘\
A
\

..........................

PFT e

LightTrans International GmbH



Intensity Detector: Eyebox

Er=1,Er=0
A =530 nm
r=15mm

PFT Automatic FT selection

LightTrans International GmbH



Intensity Detector: Eyebox (Partial Coherent)

Er=1,Er=0
A =530nm
r=15mm

[—

PFT Automatic FT selection o e vm

= k™

LightTrans International GmbH



Scenario: Propagate Light Through Microlens Array (MLA)

Light Source:
- Plane wave
- Wavelength: 640 nm

- Linearly polarized (Ex) : S22 Diffraction effects at
L2087 boundaries should be
| T _=-_, | included in modeling.
Microlens Array: e : | J
- Conical surface — = SR =
- Array: 9x9 E—

- Pitch: 150 ym x 150 ym

- Radius of curvature: 150 ym
- Substrate: BK7

- Thickness: 1 mm

LightTrans International GmbH



Scenario: Propagate Light Through Microlens Array (MLA)

Detector:
= = - Distance: 1 m
S— - Size: 700 mm x 700 mm

|

14T
/

=
Y =

|

Light Source:
- Plane wave
- Wavelength: 640 nm
- Linearly polarized (Ex) e B

Microlens Array:

- Conical surface

- Array: 9x9

- Pitch: 150 ym x 150 ym

- Radius of curvature: 150 ym
- Substrate: BK7

- Thickness: 1 mm

LightTrans International GmbH



MLA Modeling by Lens Channels

-~

Collimated = l

automatic

MLA Lens Channel

N

automatic

N
|
|

x-domain

k-domain

Layer Matrix

plates &

Component \— iffractive &
i meta lenses

% diffractives
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MLA Modeling by Lens Channels

-~

Collimated = l

automatic

MLA Lens Channel \

-

automatic

N
|
|

~

x-domain

k-domain

Layer Matrix

plates &

Component \— iffractive &
i meta lenses

% diffractives

LightTrans International GmbH



MLA Modeling: Near Field

( MLA Lens Channel wﬁ .

Collimated 1 mm . etector i AmplltUde
automatic automatic
QJ ai I P domai - e e o o o

. s D DDD
D00 [

i

LightTrans International GmbH



MLA Modeling: Foci Plane

( MLA Lens Channel w/ N Amplltude
Collimated m- LPIA : ‘I’ Detector x-domain

1 .

automatic automatic

0.6

T Layqr I k-domain
a2 Ak a |

Y [um)
0

s 6 4 -2 0 2 4 6 38 07 06 05 04 03 02 0. 0 01 02 03 04 05 06 07
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MLA Modeling: Far Field Intensity

MLA Lens Channel
Collimated l  Tr. % LPIA

automatic automatic

a atE a
®

@Detector " x-domain

k-domain

Intensity

Y [mm])
2 0

e 6 =4 2 0 2 4 & 3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
X [m]

LightTrans International GmbH



Scenario: Evaluate Far Field Intensity of Diffuser

Light Source:

- Plane wave

- Wavelength: 640 nm
- Circularly polarized

Diffuser:
- Aperiodic freeform
array
- Opening angle: 50° x 40°
- Substrate: BK7
- Thickness: 1 mm

Z-Extension

— - —

LightTrans International GmbH



Scenario: Evaluate Far Field Irradiance of Diffuser

Detector:
- Distance: 1 m

Light Source:

- Plane wave

- Wavelength: 640 nm
- Circularly polarized

Diffuser:

- Aperiodic freeform
array

- Opening angle: 50° x 40°

- Substrate: BK7

- Thickness: 1 mm ~

LightTrans International GmbH



Pointwise Diffuser Modeling

Collimated =

Diffuser

-

/

x-domain

k-domain

Layer Matrix i

plates &

others

Component diffractive &

Modelmg meta Ienses

=g

waveguides
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Pointwise Diffuser Modeling: Near Field

/

Diffuser

|Col|imated e

) k-domain

-0.08 -0.06 004 -0.02 0 002 0.04 0.06 0.08
X {mm)

Amplitude

3.2299

1.6149
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Pointwise Diffuser Modeling: Far Field Irradiance

e

( Diffuser W/ \
Collimated ?m : @Detector |- x-domain

Layer
‘afla a

H Irradiance

@ 6.5656
e
- —— 58002
B e -
E 3.2828
-
T
E © 34048
=
0
- 1.E-06 .“ . oAm o=
8 6 ] ] 8 bk =
X [mm) =
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Scenario: Calculation of BSDF and Far Field Irradiance of Rough Surface

Input field:

* Plane wave

« Wavelength: 640 nm ':>
» Linearly polarized (Ex)

Rough Surface:

- Size: 320 pm x 320 ym Thickness: 6.1 um
- Substrate: BK7

LightTrans International GmbH



Non-Pointwise Rough Surface Modeling

-~

Collimated s

Rough Surface \ (

T Etictij- x-domain

k-domain
J

We like to include
combined diffraction
and scattering.

Layer Matrix

plates &
prisms

others

Component diffractive &

Modelmg meta Ienses

atves

waveguides
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Rough Surface Modeling: Near Field

Collimated

( Rough Surface
E Am 3  Detector ~ x-domain

Layer
‘ala ‘g

® Amplitude

1.5 [ 31416
#.

)=

u

o 4

[=]
=5 =5
E © 1 0.75 = 0
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e
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e
= \ ‘
5]
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Rough Surface Modeling: Far Field

/ Rough Surface \ / \
| Collimated H —— x-domain

Layer =¥

\ré : k-domain
/

Irradian
adiance Zoomed:
: o 7.862

E 3.031
-

L~ - 9..EO7

04 -03 -02 -01 0 0.1 0.2 03 04 -70 -65 -60 -55 -50 -45 -40 -35 -30
X [m] X [mm]
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Rough Surface Modeling: Far Field

( Rough Surface ( 1
‘B . x-domain

Dtt

Collimate d,‘
Layer |
‘B a @ e

Modeling enables
determination of BSDF
of the rough surface!

LightTrans International GmbH



Far Field Modeling: Monte Carlo vs. Physical Optics Modeling

Detector resolution: 101 x 101

¥ [m)
¥ [m]

0.2

0.2 -0.2 0.1 0 0.1
% [m]

Physical Optics
Number samples: 27.000
Simulation time: 5 seconds

-0.2 -0 0 01
X [m]

Monte Carlo
Number samples: 437.000

Simulation time: 10 seconds
LightTrans International GmbH




Far Field Modeling: Monte Carlo vs. Physical Optics Modeling

Detector resolution: 201 x 201

Y [m]
Y [m]

0.2

0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1
X [m]

X [m]
Physical Optics
Number samples: 27.000
Simulation time: 5 seconds

Monte Carlo
Number samples: 1.334.000
Simulation time: 27 seconds

LightTrans International GmbH




Far Field Modeling: Monte Carlo vs. Physical Optics Modeling

Detector resolution: 401 x 401

Y [m]
Y [m]

0.2

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1
X [m]

X [m]
Physical Optics
Number samples: 27.000

Monte Carlo
Number samples: 3.924.000
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Far Field Modeling: Monte Carlo vs. Physical Optics Modeling

Detector resolution: 401 x 401
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Monte Carlo ray tracing mimics physical optics modeling w/o using the concept of
FFT. Thus, it has the tendency to be not fast. Ongoing R&D on consequences for
general scattering modeling by physical optics. Very promising! y

Monte Carlo Physical Optics
Number samples: 3.924.000 Number samples: 27.000
Simulation time: 77 seconds Simulation time: 5 seconds ==n
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Conclusions for Next Generation Software

« Pointwise physical optics modeling is included. Physical Optics
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solvers — rigorous and approximated ones.

« Ray optics is easily accessible special mode of
operation of physical optics.

« CAD components and solvers are combined.
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Conclusions for Next Generation Software

* Pointwise physical optics modeling is included.

* Provide an open platform for connecting many
physical optics modeling techniques: connecting
solvers — rigorous and approximated ones.

« Ray optics is easily accessible special mode of
operation of physical optics.

« CAD components and solvers are combined.

* Modeling of sources, components, and detectors can

be customized to unleash the flexibility and power
: ) : 2022
of physical optics modeling.

« Parametric optimization should be accompanied by
inverse and other design approaches.

WYROWSKI
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FAST PHYSICAL OPTICS SOFTWARE
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