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Connecting Field Solvers
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Fast physical optics modeling and design in 
VirtualLab Fusion by: 
• Connecting specialized field solvers in different 

regions of the system.
• VirtualLab Fusion is platform for in-built and 

customized solvers. 
• Often as fast as ray tracing and can be even 

faster than Monte Carlo ray tracing. 

Fast physical optics with VirtualLab Fusion 
provides new insights and innovative 
solutions in optical modeling and design. Typical speed of all modeling 

and design tasks in talk: 
a few seconds to  < 1 min



Fast Physical Optics Software VirtualLab Fusion

www.lighttrans.com

Current developments in:

• Flat optics including coatings, gratings, DOEs, 
diffusers, holograms, metasurfaces, component 
arrays

• Lenses and freeform optics

• Imaging & beam transformation

• Light shaping & non-imaging optics

• Microscopy and focusing

• Optical metrology and sensors

• Femtosecond pulse systems 

• Fiber optics 

• LiDAR  

• Light guides for AR/MR

• Scattering and BSDF

Our Mission: 
Providing fast physical-optics 
software tools and workflows for 
modeling and design in optics and 
photonics. 



www.lighttrans.com

Content of Webinar 

The webinar provides insights regarding
• Our R&D and product developments in

− Physical-optics design
− Flat and freeform optics

• Related software tools in VirtualLab Fusion
− Current version 
− Outlook 2021: new techniques and tools

All examples in webinar are done with the 
in-house version of VirtualLab Fusion!



Structure of Webinar

• Why physical optics in design? 
• Optical design in physical optics terms
• Diffractive Optical Elements (DOE)

− Design 
− Modeling
− Fabrication data 

• Design examples 
VirtualLab Fusion 2021
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Importance of Physical Optics

• Optical lens design is dominated by ray optics and 
specific well-established workflows.

• The inclusion of freeform surfaces has led to some 
new challenges like broken symmetries and large 
number of free parameters.   

• The inclusion of flat lenses requires a seamless 
combination with physical-optics modeling. 

• We suggest to go a step further: physical optics may 
give a fresh view and new ideas to optical design 
beyond conventional routines. 

1831 – 1879
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• Physical optics may give a fresh view and new 
ideas to optical design beyond conventional 
routines: 

• Algorithms to design freeform surfaces beyond 
parametric optimization. 

• Systematic inclusion of flat optics components 
including all desired and detrimental effects. 

• Evaluation of the potential and limitations of flat 
optics. 
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January 2018

“Is it possible to replace a bulky glass system 
by one metalens (flat lens)” ? 
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exploit the potential of freeform and flat optics 
by physical optics. 
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VirtualLab Fusion 2021Strategies and modern tools to investigate and 
exploit the potential of freeform and flat optics 
by physical optics. 



Structure of Webinar

• Why physical optics in design? 
• Optical design in physical optics terms
• Diffractive Optical Elements (DOE)

− Design 
− Modeling
− Fabrication data 

• Design examples 
VirtualLab Fusion 2021



Structure of Webinar

• Why physical optics in design? 
• Optical design in physical optics terms
• Diffractive Optical Elements (DOE)

− Design 
− Modeling
− Fabrication data 

• Design examples 
VirtualLab Fusion 2021



Light Representation in Physical Optics 



Light Representation in Physical Optics: Example 
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Design Scenarios: Field Transformation 

Optical 
component 
or system



Design Scenarios: Imaging

Optical 
component 
or system



Design Scenarios: Light Shaping

Optical 
component 
or system



Manipulation of Input Fields by System 

How to achieve the specified 
transformations with sufficient accuracy? 

Optical 
component 
or system
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Field Response Operator: Integral 

Vectorial field response

Optical 
component 
or system
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Field Response Operator: Local Integration Sufficient

Vectorial field response
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Field Response Operator: Freeform Surfaces 

Vectorial field response

JOSA A, 2019



Freeform Surface Design: Inverse Propagation



Freeform Surface Design: Inverse Propagation

VirtualLab Fusion 2021



Freeform Surface Design: Inverse Propagation

VirtualLab Fusion 2021



Example Focusing 



Focusing Lens: Scenario



Focusing Lens: Functional Design

VirtualLab Fusion 2021



Functional Design: Focusing (NA = 0.2)



Functional Design: Focusing (NA = 0.2) – Ray Tracing



Field in Focus (False Color)

Functional Design: Focusing (NA = 0.2) – Field Tracing

MTF



Focusing Lens: Structural Design

VirtualLab Fusion 2021



Focusing Lens: Surface Design



Focusing Lens: Surface Design



Structural Design Focusing (NA = 0.2): Lens



Focusing (NA = 0.2) Lens: Ray Tracing



Energy Density in Focus (False Color)

Focusing (NA = 0.2) Lens: Field Tracing

MTF
Efficiency: 91.1% (efficiency after first plane: 96.5%) 



Amplitude after lens

Focusing (NA = 0.2) Lens: Field Tracing

Amplitude after lens 



Wavefront phase after lens 

Focusing (NA = 0.2) Lens: Field Tracing

Wavefront phase error after lens 



Functional Design: Focusing (NA = 0.4) – Ray Tracing



Energy Density in Focus (False Color)

Functional Design: Focusing (NA = 0.4) – Field Tracing

MTF



Focusing (NA = 0.4) Lens: Ray Tracing



Energy Density in Focus (False Color)

Focusing (NA = 0.4) Lens: Field Tracing

MTF

Efficiency: 84.98% (efficiency after first plane: 96.5%) 



Energy Density in Focus (False Color)

Focusing (NA = 0.4) Lens: Field Tracing

Fresnel effect at surface

Efficiency: 84.98% (efficiency after first plane: 96.5%) 



Amplitude after lens

Focusing (NA = 0.4) Lens: Field Tracing

Amplitude after lens 



Wavefront phase after lens

Focusing (NA = 0.4) Lens: Field Tracing

Wavefront phase error after lens



Focusing Lens: Flat Optics Structural Design

Flat Optics? 
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Field Response Operator: Freeform Surfaces 

Vectorial field response



Field Response Operator: Flat Optics

Vectorial field response

Flat optics adds extra 
freedom in design!
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Field Response Operator: Flat Optics

Vectorial field response

VirtualLab Fusion provides tools to 
investigate and exploit the potential 
of flat and freeform optics!VirtualLab Fusion 2021

Flat optics adds extra 
freedom in design!



Field Response Operator: Flat Optics

Vectorial field response



Field Response Operator: Flat Optics

Vectorial field response

Integral effects? 
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Example 1D wavefront phase
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What Allows Flat Optics to Work? 



What Allows Flat Optics to Work? 

In algorithms of VirtualLab Fusion 
wavefront phase separated from 
sampling of complex field amplitudes 
wherever possible.  

One important reason for FAST 
physical optics modeling.



What Allows Flat Optics to Work? 

Example 1D wavefront phase



Segmented Phase Manipulation

Example 1D wavefront phase



Freeform Surface Design: Inverse Propagation



Segmented Surface Design: Inverse Propagation
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Segmented Surface Design: Inverse Propagation



Segmented Surface Design: Inverse Propagation

VirtualLab Fusion 2021



Field Response HOE 



Field Response HOE 



Field Response HOE 



Field Response HOE: LLGA 



Field Response HOE: LLGA 

VirtualLab Fusion 2021



Diffractive Focusing Lens: Structural Design



Structural Design Focusing (NA = 0.2): HOE

HOE surface: 8 Levels



Focusing (NA = 0.2) HOE: Ray Tracing

HOE



Field in Focus (False Color)

Focusing (NA = 0.2) HOE: Field Tracing

MTF
Efficiency: 78.99% (Efficiency after First Plane: 96.5%) 



Amplitude after HOE

Focusing (NA = 0.2) HOE: Field Tracing

Amplitude after HOE



Wavefront after HOE

Focusing (NA = 0.2) HOE: Ray Tracing

Wavefront Error after HOE



Focusing (NA = 0.4) HOE: Ray Tracing

HOE



Grating Profile for HOE: Four Level 



Energy Density in Focus (False Color)

Focusing (NA = 0.4) HOE: Field Tracing

MTF
Efficiency: 65.17% (efficiency after first plane: 96.5%) 



Amplitude after HOE

Focusing (NA = 0.4) HOE: Field Tracing

Amplitude after HOE



Wavefront after HOE

Focusing (NA = 0.4) HOE: Field Tracing

Wavefront Error after HOE



Energy Density in Focus (False Color)

Focusing (NA = 0.4) HOE: Field Tracing  -1st, 0th, +1st

Order HOE Efficiency after HOE
-3 0.98%
-2 3.51%
-1 5.31%
0 3.46%
1 65.17%
2 6.17%
3 0.31%



Efficiencies vs. Period

Focusing (NA = 0.4) HOE: Field Tracing

Amplitude after HOE



Focusing (NA = 0.4) HOE: Ray Tracing  2nd Order

HOE



Focusing (NA = 0.4) HOE: Field Tracing  2nd Order

Intermediate focus after 5mm

Here



Energy Density in Focus (False Color)

Focusing (NA = 0.4) HOE: Field Tracing  -1st, 0th, +1st

MTF 
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Design Workflow in VirtualLab Fusion

FUNCTIONAL 
DESIGN 

STRUCTURAL 
DESIGN

MODELING & 
EVALUATION

FURTHER 
OPTIMIZATION

FABRICATION 
DATA 

Design the system 
by introducing   
functional 
components to 
achieve the 
demanded system  
functionality. 

Replace functional 
components by 
smooth surface or 
flat optics 
components. 

Model the system 
with ray tracing 
and physical 
optics. Evaluate 
the performance 
by suitable 
detectors and 
merit functions.  

Use the modeling 
techniques to 
further optimize 
the system by, e.g.,  
parametric 
optimization. 

Use the modeling 
techniques to 
further optimize 
the system by, e.g.  
parametric 
optimization. 

SYSTEM
TOLERANCING 

Investigate the 
fabrication 
tolerances of 
components and 
the adjustment 
sensitivity of the 
system. 
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HOE Fabrication Data Export

Structure export for 
quantized height 
structures can be 

performed by clicking 
on the corresponding 

button in the edit dialog 
of the HOE.



HOE Fabrication Data Export

• Fabrication export supports 
specification of
− Target directory
− Parameters for mask decomposition
− Pixelated or polygon data export 

(+ export accuracy parameters)
− File format (supported formats: bitmap, 

text files, GDISII or CIF)



HOE Fabrication Data Export – Sample Data Pixelated Bitmap 



HOE Fabrication Data Export – Sample Data Pixelated Bitmap 



HOE Fabrication Data Export – Sample Data Pixelated Bitmap 



HOE Fabrication Data Export – Sample Data Pixelated GDSII



HOE Fabrication Data Export – Sample Data Pixelated GDSII



HOE Fabrication Data Export – Sample Data Pixelated GDSII 



HOE Fabrication Data Export – Sample Data Polygon CIF



HOE Fabrication Data Export – Sample Data Polygon CIF



HOE Fabrication Data Export – Sample Data Polygon CIF
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Imaging with one component 



Imaging with One Component: Scenario 
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Imaging with One Component: Functional Design

Functional wavefront 
phase response

In general dependent 
of input field



Imaging with One Component: Functional Design

Functional wavefront 
phase response



Functional Design for Imaging: NA 0.02 



Functional Design for Imaging (NA 0.02): Ray Tracing 
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Functional Design for Imaging (NA 0.02): Ray Tracing 



Functional Design for Imaging (NA 0.02): Field Tracing 
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Functional Design for Imaging (NA 0.02): Field Tracing 



Functional Design for Imaging (NA 0.02): Field Tracing 



Functional Design for Imaging (NA 0.1): Ray Tracing 



Functional Design for Imaging (NA 0.1): Ray Tracing 



Functional Design for Imaging (NA 0.1): Ray Tracing 



Functional Design for Imaging (NA 0.1): Field Tracing 
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Functional Design for Imaging (NA 0.1): Field Tracing 



Functional Design for Imaging (NA 0.1): Field Tracing 



Functional Design for Imaging (NA 0.1): Off-Axis Mode



Functional Design for Imaging (NA 0.1): Off-Axis Mode



Imaging with One Component: Structural Design

Functional wavefront 
phase response



Imaging with One Component: Structural Design

Functional wavefront 
phase response
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Does a single surface 
structure exist, which 

generates the demanded 
phase responses in a tailored 

way per field? 
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chance for a tailored wavefront 

phase response to some 
extent. But still ongoing R&D 

and final answer not available.  
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However, we know for sure: A 
combination of surfaces can 
solve the problem well. Flat 

optics adds extra flexibility and 
options to further improve such 

solutions! 



Beam Expander



Beam Expander: Scenario
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Beam Expander: Functional Design



Beam Expander: Functional Design

Two functional components: 
Divergent and inverse spherical wavefront phase 
responses. 



Beam Expander: Functional Design



Beam Expander (1:5) – Functional Design



Beam Expander (1:5) – Functional Design: Ray Tracing



Beam Expander (1:5) – Functional Design: Output Beam

Here
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Beam Expander (1:5) – Structural Design: HOEs



Beam Expander (1:5) – Structural Design: HOEs



Beam Expander (1:5): Output Beam for HOEs

Here

Efficiency of HOE #1: 76.82%
Efficiency of HOE #2: 77.15%
System Efficiency: 59.27%



Beam Expander (1:5) – Structural Design: Lens + HOE



Beam Expander (1:5) – Structural Design: Lens 



Beam Expander (1:5) – Structural Design: Lens + HOE



Beam Expander (1:5): Output Beam for Lens + HOE

Here

Efficiency of Freeform: 93.09%
Efficiency of HOE: 77.15%
System Efficiency: 71.82%
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Beam Expander (1:10) – Functional Design



Beam Expander (1:10) – Functional Design: Ray Tracing
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Beam Expander (1:10) – Structural Design: Lens + HOE



Beam Expander (1:10) – Structural Design: Lens 



Beam Expander (1:10) – Structural Design: Lens + HOE



Beam Expander (1:10) – Structural Design: Lens + HOE

Here



Beam Expander (1:10): Lens + HOE Output Beam

Here

Efficiency of Freeform: 89.53%
Efficiency of HOE: 53,39%
System Efficiency: 47.8%



Beam Expander (1:10) – Structural Design: Lens + Lens



Beam Expander (1:10) : Lens + Lens Output Beam

Here

Efficiency of Freeform #1: 89.53%
Efficiency of Freeform #2: 89.53%
System Efficiency: 80.16%



Beam expander with light shaping



Shaping Beam Expander: Scenario

Domain and irradiance matching:
Domains and irradiances of input and output fields must 
match to enable energy transport through the system.  

Active light shaping



Shaping Beam Expander: Scenario

Domain and irradiance matching:
Domains and irradiances of input and output fields must 
match to enable energy transport through the system.  

Active light shaping



Design Workflow in VirtualLab Fusion

FUNCTIONAL 
DESIGN 

STRUCTURAL 
DESIGN

MODELING & 
EVALUATION

FURTHER 
OPTIMIZATION

FABRICATION 
DATA 

Design the system 
by introducing   
functional 
components to 
achieve the 
demanded system  
functionality. 

Replace functional 
components by 
smooth surface or 
flat optics 
components. 

Model the system 
with ray tracing 
and physical 
optics. Evaluate 
the performance 
by suitable 
detectors and 
merit functions.  

Use the modeling 
techniques to 
further optimize 
the system by, e.g.,  
parametric 
optimization. 

Use the modeling 
techniques to 
further optimize 
the system by, e.g.  
parametric 
optimization. 

SYSTEM
TOLERANCING 

Investigate the 
fabrication 
tolerances of 
components and 
the adjustment 
sensitivity of the 
system. 



Shaping Beam Expander: Functional Design

Here

Irradiance (by field tracing)
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Shaping Beam Expander: Freeform + Functional



Shaping Beam Expander: Freeform + Functional

Irradiance (by field tracing)

Here



Design and Analysis of a Hybrid Eyepiece for 
Correction of Chromatic Aberration

Functional design in Zemax® OpticStudio®
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detectors
− point spread function
− modulation transfer 

function (MTF)

Modeling and Design Scenario

203

plane wave 
− wavelength (486, 587, 656) nm
− field of view (40)°
− linearly polarized along x-axis
− aperture 5 mm × 5 mm

lens solution
− wavefront response function
− diffractive lens
− meta lens



Design of Wavefront Surface Response in OpticStudio

Optical setup including the 
wavefront surface response was 
originally designed in 
OpticStudio

Import of the 
OpticStudio file to 
VirtualLab Fusion
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On-Axis Analysis: Comparison of Spot Diagram
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response



On-Axis Analysis: Comparison of PSF
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On-Axis Analysis: Comparison of MTF
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Off-Axis Analysis: Comparison of Spot Diagram
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Off-Axis Analysis: Comparison of MTF
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On-Axis Analysis: Inclusion of Higher Orders
∝ Electric Energy Density 

[1E6 ( ⁄V m)²]
∝ Electric Energy Density 

[1E3 ( ⁄V m)²]
∝ Electric Energy Density 

[( ⁄V m)²]

simulation time per 
order ~seconds

+1st diffraction order 0th diffraction order -1st diffraction order



Off-Axis Analysis: Inclusion of Higher Orders

with 
wavefront
response 
function

∝ Electric Energy Density 
[1E5 ( ⁄V m)²]

∝ Electric Energy Density 
[1E3 ( ⁄V m)²]

∝ Electric Energy Density 
[1E2 ( ⁄V m)²]

+1st diffraction order 0th diffraction order -1st diffraction order



MTF for Various Diffractive Lens Structures
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detection of modulation 
transfer function

MTF without 
diffractive lens



MTF for Various Diffractive Lens Structures
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detection of modulation 
transfer function

MTF with Wavefront 
Surface Response

MTF without 
diffractive lens
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detection of modulation 
transfer function

MTF without 
diffractive lens

MTF with Wavefront 
Surface Response

MTF with diffractive lens 
structure (no quantization 

& > 2 levels)



MTF for Various Diffractive Lens Structures
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detection of modulation 
transfer function

MTF without 
diffractive lens

MTF with Wavefront 
Surface Response

MTF with binary 
diffractive lens 

structure

MTF with diffractive lens 
structure (no quantization 

& > 2 levels)
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Conclusion

• VirtualLab Fusion provides a steadily growing number 
of tools for flat and freeform optics. 

• Functional design concepts essential in workflow. 
• New surface design techniques avoid parametric 

optimization. 
• VirtualLab Fusion modeling and design tools allow the 

investigation of pros and cons of flat and freeform 
optics. 

• Techniques demonstrated in this webinar are:
− All available in-house for modeling and design services
− Partly included in current version of VirtualLab Fusion 
− All will be released in 2021

VirtualLab Fusion 2021
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