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Executive Summary

Collimation of a spherical wave
using a nanopillar metalens.

® Key Achievements

* Metalens negates the incident spherical wave-
front to a nominal zero phase.

* RMS phase error after metalens is below 0.001 .

 Discretization-induced phase deviations convert
into amplitude effects after propagation.

© Hardware & Performance

« Hardware: AMD Ryzen Threadripper 3970X
32-Core Processor, 256 GB DDR4 SDRAM




Application Scenario

A\ The Scenario A collimat- 9 Physical Lab Setup

ing metalens was designed and

its performance evaluated by an- Component Specification
alyzing the wavefront phase and Source Plane wave, 940 nm, lin. x-polarized
phase errors after the metal- Metalens Nanopillars, n = 3.8, f = 10 mm, diameter 0.5 mm

ens, as well as the electromag-

. : Nanopillar meta-atom Height 465 nm, period 400 nm x 400 nm
netic field evolution at propa-

gation distances of Omm and Detector 1 Radial wavefront phase before metalens
5mm. Detector 2 Wavefront phase error after metalens
Detector 3 EM field at (0 mm, 5 mm) behind metalens

Metalens Component

\
[
Source » Planar Metalens
Surface Surface




Digital Twins of the System

A Digital Twin Mapping

Real Asset Digital Twin Description

Laser source SF-PLAWO1 Plane wave, 940 nm, lin. x-polarization
Nanopillar metalens CS-MPCAO1 Metalens [PCA], phase profile: ¢metalens(”) = —@input(7)

Substrate CS-PLFPO1 Planar surface, fused silica
Detector 1 DF-FMONO1 Radial wavefront phase
Detector 2 DF-WFERO1 Wavefront phase error
Detector 3 DF-FMONO1 EM field
ohercal W Mode [Spatialy-T e Flanar surface [Field Phasze] Metalens [PCA] Field Monitor [20]
p % SF-SPW;m |;¢ ([rgocf:upm '8 L ([[Emc;:ri.nnpmm |4J‘ﬁ ([[’EE;TMONM 615 |
"\ Wavefront Phase Detection Wavefront Aberrations [Error]

‘~(%ﬂ DK-SDKDO1 |603 | u{%@ DF-WFERO1 |612 |

Z: 500 pm J Z:0 mm




Wavefront Phase Profile Definition

MNumerical Data Array (Equidistant)

B 2: Radial Wavefront Information fo | o=

Diagram Table Value at x-Coordinate

Planar »
Suiface Detectors

»

o
O

& What We Did To define the wavefront phase profile _ |
of the metastructure we use the following steps:

40

1. Calculate the incoming phase

Use Radial Wavefront Phase Detector to obtain ¢inpyt(r) in
front of the metasurface — this phase includes the lens’s

spherical aberration.

30

Interpolated Input Phase [rad)
20

10

2. Calculate the required metalens phase via differ-

ence
The target phase behind the lens is constant zero. The T . T
metalens must negate the input phase: Radius [mm]

Qbmetalens(r) = _¢input(7")
Calculated Radial Wavefront Phase




Metalens Design

Metalens Design Tool X

| ~ Detail
General Parameters .
Design Wavelength : VIeW Of

Metacell Size | 4DGnm| t] | %Dnrnl designed
Metalens Radius | o

metalens
Mumber of Metacells | 1601| ] | 1601|

Design Constraint

Maximum Allowed Phase Deviation A ljl: [628.32 mrad)

4

Logging

[2026-05-11 04:24:20] Metalens design using PCA surrogate model started...
[2026-05-11 04:24:20]  Design applying rotational symmetry started...

[2026-05-11 04:24:20] Design applying rotational symmetry finished (Duration = 00:00:00.1265968)
[2026-05-11 0:24:20]  Design refinement started...

[2026-05-11 04:24:23]  Design refinement finished [Duration = 00:00:01.5657328)
[2026-05-11 04:24:22]  Number of metacells refined: 0

[2026-05-11 04:24:27]  Design result:

[2026-05-11 04:24:22] Peak phase error: &/ 12 [528.8 mrad)

[2026-05-11 04:24:22] RMS phase error: A/ 33 {189.51 mrad)

[2026-05-11 04:24:22] Transmittance: 97.667 %

[2026-05-11 04:24:22] PCA Metalens design finished (Total duration = 00:00:01.6924328)

™ Design Results

Cancel Help

Parameter Value

© Hardware & Performance

« Hardware: AMD Ryzen Threadripper 3970X FEELAUERD G2y 12
32-Core Processor, 256 GB DDR4 SDRAM RMS phase error  \/33

* Designtime: 1.7 s for > 2.5 million meta-atoms




Results — Wavefront Phase after Metalens

I~ Detector Behind Metalens S ~ = Wavefront

rray [Equidistant)

Wavefront Phase [1E4 rad] p h ase

38286
I 38285

3.8284

Property Value

Wavefront Plane
RMS < 1073\

38283

3.8282

38281

3.828

@ Physics Insight

- The metalens successfully negates the M — !3?2?8 e
incident spherical wavefront. i) .

 The resulting total phase is nominally E
zero, as designed. u

© Hardware & Performance g

 Hardware: AMD Ryzen Threadripper 3970X
32-Core Processor, 256 GB DDR4 SDRAM Wavefront N

« Simulation time: 4.7 s phase (1D)




Results — Field after Metalens (0 mm)

@ Key Observations

» The field directly after the lens re-
sembles a plane wave.

« The phase, however, exhibits
structured deviations.

© Hardware & Performance

E 43: Field after Lens

Electric Field (x-Diomain, Equidistant)

[ )

Y [mm]
0 0.2

-0.2

Diagram Table  Value at [xy)

Amplitude of "Ex-Component” [V/m]

-0.2

X [mm]

0.93

0.8

Amplitude
after metalens

E 43: Field after Lens

Electric Field (x-Domain, Equidistant]

(o]l 5 ]

 Hardware: AMD Ryzen Threadripper 3970X
32-Core Processor, 256 GB DDR4 SDRAM

e Simulation time: 5s

Phase after
metalens

Dia

gram  Table  Value at [xy)

Phase of "Ex-Component” [rad]

0.2 0 0.2
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04

0.2

-0.2
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-0.6




Results — Field after Metalens (0 mm)

@ Physical Interpretation

* Detailed analysis indicates that
the phase deviations exhibit the
same feature size as the meta-
atom period.

* These deviations likely originate
from discretization of the pillar di-
ameter.
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 Hardware: AMD Ryzen Threadripper 3970X

I 43: Field after Lens

Electric Field (x-Domain, Equidistant)

[ =

Diagram Table  Value at [xy)

Y [mm)]
0 02

-0.2

Phase of “Ex-Component” [rad]

32-Core Processor, 256 GB DDR4 SDRAM

e Simulation time: 5s

Phase after
metalens

Meta-atom
period




Results — Field after Metalens (5 mm)

@ Key Observations

» After 5 mm propagation, the am-
plitude pattern shows a superpo-
sition of Fresnel diffraction from
the aperture and stray light gen-
erated by pillar diameter dis-
cretization.

© Hardware & Performance

E 47: Field after Lens

Electric Field {x-Domain, Equidistant}

(=N R =

Y [mm]
0 0.2

-0.2

Diagram Table  Value at [xy)

Amplitude of "Ex-Component” [\V/m]

-0.2

0 0.2

1.01

Amplitude
after metalens

B 41: Field after Lens

Electric Field {x-Domain, Equidistant)

 Hardware: AMD Ryzen Threadripper 3970X
32-Core Processor, 256 GB DDR4 SDRAM

« Simulation time: 1 min

Phase after
metalens

Dia

gram

Y [mm]

Table Value at [y)

Phase of "Ex-Component” [rad]




Results — Field after Metalens (5 mm)

9 PhYSics InSight ) . l Electric Field (x-Domain, Equidistant) Phase after
. . Diagram Table  Value at [xy) metalens
 Since the effect caused by pillar Phase of “Ex-Component” [rad]
. . . . . g ———— T 31416
diameter discretization is evanes- 7 oy

cent, a smooth phase is recov-
ered after propagation.

02

Y [mm]
0

-0.2

-0.2 0 0.2

© Hardware & Performance

« Hardware: AMD Ryzen Threadripper 3970X Ph o
32-Core Processor, 256 GB DDR4 SDRAM ase atter

. . . . metalens
e Simulation time: 1 min




Results — Field after Metalens (5 mm)

E 41: Field after Lens

lectric Field (x-Diomain, Equidistant)

=I=EE Amplitude

0.2

© What is the
magnitude of the effect
of phase deviations
caused by pillar
diameter discretization
on the field?

Y [mm]
0
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Diagram Table  Value at [yl
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Phase after
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Validation — Field Phase Removal

@ Physics Insight
» To isolate the effect of phase residuals,

a Field Phase Removal component was
inserted after the metalens.

* This component calculates the residual
phase (deviation from the smooth wave-
front) and numerically compensates it.

Spherical Wave Mode [Spatially-Truncated]

3¢ SF-sPws01 [0¢

Curved Surface

{ cs-csFPO1 1

Metalens [PCA]

Field Monitor [2D]

=] DF-FMONOD1 |615

Spherical Wave Mode [Spatially-Truncated]

_— SE-SPWS01 [0¢

Z:0mm

Planar Surface [Field Phase]

{ cs-PLFPO1 |B

{l cs-mpcao1 |4

Z: 500 pm

“‘ Wavefront Phase Detection

[ DK-sDKDO1
O

Z: 500 pm

Metalens [PCA]

" Wavefront Aberrations [Error]

(5 DF-WFERO1
O

Field Phase Remaoval |

@ ck-sDkco1 |5

Z: 5 mm

Field Monitor [2D]

] DF-FMONO1 [615

Z: 0 mm

v
.

', Wavefront Phase Detection

{ cs-MPCAD1 |4

Z: 500 pm

" [53 pk-spkpo1
O
Z: 500 pym

Z:0mm

‘\‘ Wavefront Aberrations [Error]

Cr

Z0mm

Z: 5 mm




From Real Asset to Digital Twin

A~ Digital Twin Mapping

Real Asset Digital Twin Description

Laser source SF-PLAWO1 Plane wave, 940 nm, lin. x-polarization
Nanopillar metalens CS-MPCAO1 Metalens [PCA], phase profile: ¢metalens () = —@input (7)

Substrate CS-PLFPO1 Planar surface, fused silica
Detector 1 DF-FMONO1 EM field & wavefront phase
Detector 2 DF-WFERO1 Wavefront phase error
Detector 3 DF-FMONO1 EM field

Field Phase Removal CK-SDKCO1 Removal of field phase

14 VirtualLab Fusion @ www.lighttrans.com



Results — Field after Metalens with Phase Filter (0 mm)

@ Key Observations

» As intended the phase effect after
the lens is eliminated.

© Hardware & Performance

E 50: Field after Lens

Electric Field (x-Diomain, Equidistant)

(=1 E=R ==

Diagram Table  Value at [xy)

Y [mm]
0 0.2

-0.2

Amplitude of "Ex-Component” [V/m]

-0.2

X [mm]

0.93

0.8

Amplitude
after metalens

= 36: Field After Lens

Electric Field (x-Domain, Equidistant]

(o[8[

 Hardware: AMD Ryzen Threadripper 3970X
32-Core Processor, 256 GB DDR4 SDRAM

e Simulation time: 8s

Phase after
metalens

Diagram

Table Value at (%)

Phase of "Ex-Component” [rad]

X [mm]
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Results — Field after Metalens with Phase Filter (5 mm)

E 51: Field after Lens

Electric Field {x-Domain, Equidistant)

@ Key Observations

» The field after propagation now
exhibits clear diffraction rings
caused by the aperture of the
metalens.

Y [mm]
0

Diagram Table  Value at (xy)

0.2

-0.2

Amplitude of "Ex-Component” [V/m]

X [mm]

Amplitude
after metalens

= 9: Field after Lens

Electric Field (x-Domain, Equidistant]

iagram Table  Value at (xV)
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 Hardware: AMD Ryzen Threadripper 3970X

32-Core Processor, 256 GB DDR4 SDRAM
« Simulation time: 13 s

Phase after
metalens

Phase of "Ex-Component” [rad]




Demonstrated Workflow

:= Step-by-Step Workflow

1. Train surrogate model: Load the provided sam- 4. Calculate 1D radial wavefront phase: Calculate

ple file — preset parameters are included and
training has been performed.

. System setup: Add digital twins — Spherical
Wave Mode, Metalens [PCA], Planar Surface,
Field Monitor [2D], Wavefront Aberrations [Er-
ror], Field Phase Removal and Radial Wavefront
Phase. Set parameters and connect them accord-
ing to the Application Scenario page.

. Bind surrogate model: In the Metalens [PCA]
component, navigate to the Simulation Model
page and click Bind. Select the trained surrogate
model.

the result of the Radial Wavefront Phase detector.

. Define wavefront phase profile: Import Negate

Incident Phase snippet from sample files into Met-
alens [PCA] component. Use the calculated 1D
radial wavefront profile as Input Wavefront Data.

. Field tracing: On first use, the metalens design

process starts automatically. Change Maximum
Allowed Phase Deviation to \/10. Click Design,
then OK after completion — field tracing proceeds
automatically.




Conclusion

Field after 5
mm without
filter

® Key Takeaways

* The nanopillar metalens successfully negates the in-
cident spherical wavefront, achieving a nominal zero
phase after the metalens.

» Discretization-induced phase deviations smear out
upon propagation — no lasting phase artifacts re-
main.

« Amplitude modulations caused by pillar discretization
persist and overlay with Fresnel diffraction features
from the finite aperture.

-> Next Steps

* Download the sample files and reproduce the
results.

» Export the designed metastructure for manu- Field after 5
facturing. mm with filter




Resources Used

& White Papers
« WP-META-PCA - PCA: The Foundation

for Metalens Design

« WP-META-PHASE - Designing and
Analyzing the Phase Response of
Metasurfaces

& Tutorials

 Define Metalens Functionality
 Designing a Metalens in VirtualLab
Fusion

i= Related Use Cases

 Surrogate Model Training for Nanopillars
 Focusing Metalens Based on Nanopillars

%~ Step-by-Step Tutorial
Step 1: Metalens Configuration

After adding the metalens component to your system, configure the basic properties: the medium after the component and the
aperture diameter (shape is always circular). Then define the wavefront phase profile — the phase transformation to be applied by

the metalens.

VirtualLab Fusion provides two methods for defining the phase profile:

» Even Order Radial Polynomials: Define spherical, aspherical, or freeform phase profiles using polynomial coefficients (r2, r#,
...). Coefficients can also be imported automatically from a Zemax Binary 2 surface.

» User Defined Formula: Define the phase profile using a mathematical expression in C# via VirtualLab's snippet technology.

3.‘?.. = r— 39.. ':,_:_;::_W — (g e o
=== Hia— 3 [—
a = o melm a =



https://www.lighttrans.com/index.php?id=3663
https://www.lighttrans.com/index.php?id=3663
https://www.lighttrans.com/index.php?id=3664
https://www.lighttrans.com/index.php?id=3664
https://www.lighttrans.com/docs/tutorials/TUT_DefineDesiredMetalensFunctionality/
https://www.lighttrans.com/docs/tutorials/TUT_DefineDesiredMetalensFunctionality/
https://www.lighttrans.com/docs/tutorials/Tutorial_Metalens%20in%20VLF/
https://www.lighttrans.com/docs/tutorials/Tutorial_Metalens%20in%20VLF/
https://www.lighttrans.com/docs/tutorials/Tutorial_Metalens%20in%20VLF/
https://www.lighttrans.com/docs/tutorials/Tutorial_Metalens%20in%20VLF/
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260423_WP_META_PCA.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
https://www.lighttrans.com/docs/assets/pdfs/260416_WP_META_PHASE.pdf
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