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The combination of both tools enables a fast and reliable design of optical systems, design understanding, multi-
objective optimization and robustness analysis in a fully automated manner.

INNOVATION IN OPTICS AND PHOTONICS – 
VIRTUALLAB AND OPTISLANG

TITLE STORY // OPTICS & PHOTONICS 

Light is essential for our life on earth. We see our world through 
light; plants and currently also humans generate energy by 
light and more and more technical developments need and 
use light to perform certain tasks. The discipline which deals 
with the physics and the development of devices to harness 
light in order to perform useful tasks is referred to as optics 
and photonics, although both terms are used in a somewhat 
redundant way.

In general, optics and photonics is understood as a techni-
cal enabler; this means it is typically an indispensable sup-
porting part within a larger system. A laser and the optics 
to deliver the light to a workpiece in a fabrication robot is 
an example of such a combination. Virtual and mixed real-
ity glasses and displays rely on optics but also on a lot of 
mechanics, electronics and computer technology. The pro-
duction of modern electronic chips by lithography and wa-
fer steppers is unthinkable without high-end optical tech-
nology as an enabling part of the fabrication process. In the 
car industry, smart and ambient lighting is another trend 
which benefi ts from the amazing developments in optics 
and photonics in recent decades. Think about the backlight 
illumination and the camera in a cell phone. In medicine, 

not just optical microscopes, but also modern optics enters 
more and more the operating theatre as a tool for surgery. 
We would further like to mention the tremendous prog-
ress in fl exible contact and intraocular lenses in the huge 
ophthalmic optics market. We could add numerous other 
examples which demonstrate the impact of optics and pho-
tonics on modern technology and our daily life. Optics is 
understood to be an enabling technology in the basic fi elds 
of, for example, information technology and telecommuni-
cation, healthcare and life sciences, optical sensing, light-
ing and energy, national defense, industrial manufacturing, 
and fundamental R&D.

A typical optical system consists of a technical light source 
or a light-emitting object, optical components which shape 
and control the spatial and temporal characteristics of the 
emitted light and components which transport the light 
from A to B where it is then used to perform some required 
effect or where it is detected to obtain information about 
the light-emitting object or some other sample on the way 
through the system. We mainly distinguish between imag-
ing and non-imaging optical systems. An imaging system 
deals with providing the detector, e.g. the human eye or the 

sensor in a camera, with the best possible image of a self-
emitting or illuminated object. In non-imaging optics, the 
light source is to be tailored in order to perform a specifi c 
task, e.g. the headlight of a car or the generation of a fem-
tosecond pulse for eye surgery. Optics and photonics have 
benefi ted from various essential advances in technology in 
recent decades. These include the development of numer-
ous new light sources like lasers, laser diodes and LEDs. Al-
though optics is often understood as dealing with the vis-
ible region of the electromagnetic spectrum (only 390–700 
nm), nowadays optics and photonics deal with much short-
er (1 nm and below) and longer (1–10 µm) wavelengths as 
well. In the early time of optics, components were mainly 
restricted to planar and spherical surfaces, but nowadays 
we talk about freeform surfaces with aspherical, and even 
more general, height profi les. Optics profi t from the devel-

opment of lithography for electronics, which has brought 
about the fi elds of micro- and nano-optics where surfaces 
are structured on a nanometer scale in order to achieve 
specifi c optical functions through the surface, or even in 
the volume of a bulk medium. The combination of optics 
with modern computer technology makes adaptive-optics 
concepts and detector technologies which were completely 
unthinkable one decade ago possible.

The new chances for innovative developments through op-
tics and photonics have unleashed a creative demand for 
manipulating and controlling light in every imaginable way. 
The development of such innovative products requires ex-
pert tools to model and to design the optical devices in or-
der to be able to combine the light sources, components and 
detectors in a way which enables the demanded function. 
The development of modern photonics systems cannot be 
done in an experimental way, but must be based on simula-
tion technology and digital twins. For more than 2000 years, 
optical modeling has mainly relied on ray optics, which is of-
ten also referred to as geometrical optics. This is possible be-
cause it can be shown that the modeling and design of lens 
systems for imaging can, in most cases, be fully based on ray 
optics. However, with the development of new sources and 
components and the ever increasing demand for non-imag-
ing optical functions, optical modeling and design must be 
based on physical optics, sometimes also referred to as wave 
optics, in order to provide simulation technologies which are 
accurate enough and which give access to all those param-
eters of light which are of concern for the application.

Physical optics is based on Maxwell’s equations, a system of 
differential equations. Though mathematicians have provid-
ed powerful solvers for those equations, in optics such uni-
versal Maxwell solvers, e.g. the Finite Element Method (FEM), 
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Fig. 1: The intensity of the refl ected light which was obtained by multiple inter-

ference in a thin fi lm with varying thickness. A white RGB source was applied.

Fig. 2: Example of a complex optical setup (high-NA wafer inspection system) which often requires the application of effi cient optimization tools to identify the optimum 

of merit functions defi ned by numerous different system parameters.
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are not practical for tackling system modeling because of 
excessive computation time and use of computer resources. 
However, they are very important for modeling nano-optical 
devices, also as part of larger optical systems. Because of 
the practical limitations of these universal Maxwell solvers, 
ray tracing still dominates simulation technology in optics. 
Thus, the demand for a fast physical optics modeling con-
cept has recently gained momentum. Prof. Frank Wyrowski 
and his teams at the Applied Computational Optics group at 
the Friedrich-Schiller-University of Jena and the companies 
LightTrans and Wyrowski Photonics have developed the con-
cept of optical fi eld tracing to provide a fast Maxwell solver 
which facilitates the usage of physical optics to model and 
design optical systems. In fi eld tracing, different regions of a 
system are modeled with different specialized techniques in 
order to obtain a fast physical optics solution. When needed, 
that includes, for instance, FEM, but restricted to the small-
est possible region of the system: for example the scattering 
sample in the modeling of a microscope. The optics software 
VirtualLab Fusion is based on fi eld tracing to provide physical 
optics modeling and design, but includes ray tracing as well. 
In its second-generation fi eld-tracing technology, which will 
be released in 2017, the fast physical optics concepts will be 
released to the public, precipitating the beginning of a break-
through in optical modeling and design software.

The ability of fast physical optics modeling must be com-
bined with solid concepts for the design of optical systems 
to perform the required optical function and to provide a 
system which can be fabricated with low variation of the 
output parameters at the same time. The design requires 
the optimization of the free parameters in the system, which 
can range from a few to hundreds and even thousands, and 
the analysis of the robustness of the designed system. There-
fore, the Robust Design Optimization software optiSLang is 
the perfect companion for the optics software VirtualLab Fu-
sion. The combination of both tools enables a fast and reli-
able design of optical systems, design understanding, multi-

objective optimization and robustness analysis in a fully 
automated manner. Furthermore, it is possible to perform 
a Robust Design Optimization: a coupled optimization and 
robustness analysis to obtain a design that is optimal and 
robust in terms of input tolerances at the same time. In order 
to enable optiSLang to realize its full power for metamodel-
ing in optics, VirtualLab Fusion can work in a batch mode un-
der control of optiSLang. The input parameters are defi ned in 
a dialogue in VirtualLab Fusion and the output parameters 
are registered by the detectors that the optical design user 
has defi ned. Both types of parameters are automatically rec-
ognized by optiSLang and a wizard is provided to set up the 
whole workfl ow using the respective fi les that can be export-
ed from VirtualLab in a convenient manner. Once the work-
fl ow is established, all available analyses can be performed.

As mentioned before, optics and photonics is a technical en-
abler. Thus, it is always embedded in larger systems. This re-
quires, at some stage of the Technology Readiness Level (TRL), 
the combination of the optical modeling with mechanical and 
thermomechanical modeling, e.g. with ANSYS. When the lens-
es of an optical system are mounted or are exposed to a ther-
mal source, a mechanical deformation will take place that can 
infl uence the optical performance dramatically. To understand 
and quantify that infl uence, the coupling of both domains, op-
tics and thermomechanics, is a very important but also very 
new and challenging fi eld of application. There has been no 
software solution available that allows this coupling with Vir-
tualLab. optiSLang acts here as an integration and automation 
tool to establish complex workfl ows with several CAx tools in 
order to overcome this limitation.

In the following, we want to show the combination of Virtual-
Lab and optiSLang to enable the optimization of a diffractive 
beam splitter (DBS) which divides an incident laser beam into 
several separated laser beams using a diffractive optical ele-
ment (DOE) as illustrated in Fig. 3. Important applications for 
such a DBS are the generation of reference patterns for motion 

tracking (like Microsoft Kinect [1]) and 
3D surface measurements [2], as well 
as the parallelization and speed in-
crease of laser material processing [3].

The optimization of such periodic 
DBS microstructures is challenging 
if large diffraction angles need to be 
realized. This kind of high-numeri-
cal-aperture (NA) DBSs must have 
microstructured features in the or-
der of the wavelength of light. This 
requires a fully vectorial and rigorous 
analysis of the light interaction with 
the microstructure, which is beyond 
the scope of the typically applied 
thin-element approximation (TEA) 
[4]. For example, the high-NA DBS 
given in Fig. 4 will be optimized by a 
combination of VirtualLab’s Fourier 
Modal Method [5] (which is a rigor-
ous and fully vectorial solver of Max-
well’s equations) and optiSLang.

As optimization target, the total dif-
fraction effi ciency 

should be maximized and the unifor-
mity error U should be

Here,  with  {-5;-3;-1;+1;+3;+5} 
represent the diffraction order effi -
ciencies of the 6 beams to be gener-
ated by the DBS. In addition, due to 
fabrication constraints, the smallest 
feature size of the microstructure 
should be larger than 300 nm. The 
free parameters which should be op-
timized by the parametric optimiza-
tion are the lengths of the 6 intervals 
(L1-L6) within one DBS structure pe-
riod given in Fig. 5. Furthermore, the 
scaling of the modulation depth (z-
Scaling) is a free parameter. An initial 
design result was obtained by Virtu-
alLab’s Iterative Fourier Transforma-
tion Algorithm. In the following, this 
design should be further improved 
performing, at fi rst, a sensitivity 
analysis, followed by a parametric 
optimization.

Fig. 6: Results I of the sensitivity analysis performed by optiSLang. The objective is in a small subspace: 

only 4 out of 2000 samples are close to the optimum.

In a fi rst step, a sensitivity analysis is done in optiSLang to identify the optimiza-
tion potential by estimation of the variation of response. This sensitivity analysis 
also helps to understand and verify dependencies between input and response 
variations using metamodels. An advanced Latin hypercube sampling was used to 
scan the parameter space using 2000 different DBS designs. The performance of 
these 2000 designs is shown in Fig. 6.

Fig. 3: Illustration of a diffractive beam splitter designed using VirtualLab and manufactured by the Institute of Applied Physics at the Friedrich Schiller University Jena – Germany

Fig.4: High-NA DBS setup dividing one incident beam into 6 beams with the same diffraction effi ciency. 

This setup will be optimized in the following by a combination of VirtualLab Fusion and optiSLang.

Fig. 5: Cross-section along a single period of the DBS microstructure. The structure is parametrized by 

the width of the six intervals. In addition, there is a free height scaling factor to adjust the profi le height.

L 1 L 2 L 3 L 4 L 5 L 6
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Designs exist where both objectives are not, or are only 
slightly, in confl ict. Consequently, the defi nition in one ob-
jective function or with uniformity error U as a constraint 
will be most effi cient. The parallel coordinate plot given 
in Fig. 7, which is another result of the sensitivity analysis, 
indicates that for designs close to the optimum (U < 25%, 
> 70 %), the lengths L1/L4, L2/L5 and L3/L6 correspond to 
each other.

Consequently, we can assume L2=L5 and L1=L3=L4=L6 (due 
to the periodicity of the microstructure). Thus, we can re-
duce the number of free parameters describing the widths 
of the intervals to a single free parameter, which is called 
FreeLength in the following. As shown in Fig. 8, the newly 
introduced FreeLength parameter has signifi cant infl uence 
in the DBS performance. The z-Scaling parameter has just a 
minor infl uence.

After reducing the complexity of the optimization problem 
from 7 to 2 free parameters, a parametric optimization 
based on the Adaptive Response Surface Method (ARSM) by 
optiSLang is performed. The optimization results are shown 
in Fig. 9. The uniformity error could especially be reduced 
signifi cantly.

It is evident that optics and photonics have a vital role to play 
in the current framework of technological innovation, both 
in its own right and as an enabler for other fi elds. The ever 
more stringent requirements increasingly imposed on opti-
cal systems in order to realize the ever more imaginative ap-
plications coming into vogue can no longer be met satisfac-
torily with bare-bones ray tracing: there is, consequently, a 
tendency towards simulation paradigms able to incorporate 
the full physical-optics picture within realistic constraints of 
simulation time and computation requirements. And this is 
precisely the answer that VirtualLab Fusion provides with its 
second-generation fi eld-tracing approach. 

But technological and scientifi c innovation seldom takes 
place within the closed confi nes of a single subject mat-
ter: bringing together expertise from different fi elds is 
what, throughout history, has tended to yield the best re-
sults. This is the backdrop for the collaboration between 
VirtualLab Fusion and optiSLang. Combining the paradigm-
shifting fi eld-tracing concept of VirtualLab Fusion with the 
cutting-edge optimization skills of optiSLang will open the 
door to a new level in the realm of optical system design. 
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Fig. 8: Results III of the sensitivity analysis performed by optiSLang. A metamodel is found describing the response of the design (COP>99%). All responses depend 

strongly on the FreeLength parameter. The Uniformity Error is independent of z-Scaling within the chosen parameter range.
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TR AI N I NG
Webinars and Info Days
At our webinars, you will receive an introduc-
tion to performing CAE-based optimizations 
and stochastic analyses. During an informa-
tion day, you will additionally have the op-
portunity to discuss your specifi c optimiza-
tion task with our experts.

Training
For a competent and customized introduction 
to our software products, visit our basic or ex-
pert training clearly explaining theory and ap-
plication of a sensitivity analysis, multidisci-
plinary optimization and robustness evaluation. 

Info
You will fi nd all information and the current 
training program at:
www.dynardo.de/en/training 

Fig. 7: Results II of the sensitivity analysis performed by optiSLang. Corresponding widths L1/L4, L2/L5 and L3/L6

Fig. 9: Rigorous parametric optimization of DBS using optiSLang’s ARSM. The 

uniformity error could especially be signifi cantly lowered by the rigorous para-

metric optimization design.

Target Design Initial IFTA 
Design

Rigorous 
Design

Total Effi ciency maximize 80,9 % 81,4 %

Uniformity Error <= 0,5 % 6,4 % 0,498 %



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 144
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 144
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads true
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /DocumentRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


