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Lens-design software enables 
modern precision optics
JOHN WALLACE, Senior Editor

It is true that sophisticated optical sys-
tems were routinely designed before 
the advent of lens-design software: ex-
quisitely capable microscopes, tele-
scopes, camera lenses, and other optics 
designed by hand calculation served 
their purpose well. But fast computer 
calculation now allows the lens design-
er to find optimized solutions for very 

complex optical systems to 
take into account, to a high-
ly precise degree, the effects 
of glass, fabrication, and 
mechanical imperfections; 
to easily add aspheric sur-
faces that reduce the num-

ber of elements, widen the field, and/
or add other benefits; and so on. As a 
result, skilled lens designers working 
closely with skilled optics fabricators 
now produce precision optics for pur-
poses ranging from smartphone cam-
eras to military infrared (IR) imaging, 
computer chipmaking, augmented/vir-
tual reality (AR/VR), and many others.

A typical optical-design software 
package can model an optical system 
via ray-tracing (with spot diagrams 
as the visual) or via wave-based phys-
ical optics calculations (with diffrac-
tion patterns as the visual), with the 
latter requiring more calculation. 
Imaging lens-design software has nu-
merous offshoots, including nonimag-
ing optical-design software, integrat-
ed CAD/CAM programs, and other 
derivatives, some or all of which may 
be incorporated into the original soft-
ware package. This article provides a 
bit of background on some commer-
cial examples of current lens-design 
software packages.

Advanced ray tracing
OSLO (Optics Software for Layout 
and Optimization) is optical-de-
sign software produced by Lambda 
Research Corporation (Littleton, MA) 
that facilitates design and analysis of a 
large variety of optical systems. As de-
scribed by Ed Freniere, the company’s 
president, the core of the program is a 
sequential ray-trace engine with geo-
metrical and physical-optics modeling 
capability. “OSLO includes numerous 
local and global optimization methods 

Having grown in capabilities over 
decades of development, modern 
optical-design software models, 
optimizes, and tolerances complex 
optical systems with ease.

FIGURE 1. OSLO, by Lambda 
Research Corporation, was used 

in the design and analysis of the 
James Webb Space Telescope 
(JWST). (Image credit: NASA)
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to design simple and complex imaging sys-
tems,” says Freniere. “OSLO has built-in 
tolerance analysis and simulation capabil-
ity and a nonsequential ray-trace analy-
sis kernel for systems requiring varying 
surface intersection capability. OSLO is 
open-architecture and very flexible, in-
cludes a vast number of surface types and 
optimization targets, and also has a high-
speed macro-language and a fully integrat-
ed compiled programming language for 
data generation and analysis.”

According to Freniere, OSLO’s funda-
mental strength is advanced ray-tracing, 
which is key to designing zoom systems 
where the need for tracing efficiency is 
paramount. He adds that this capability 
was key, for example, in the design de-
velopment of a 300:1 zoom lens. OSLO’s 
ray-tracing efficiency has also facilitated 
designing and analyzing systems where 
many rays are needed, such as photolitho-
graphic lenses. OSLO has built-in aper-
ture functions and has been used for de-
signing and modeling of segmented mirror 
systems, including the James Webb Space 
Telescope (see Fig. 1). The software pack-
age also contains coordinate transforma-
tions and aspheric capability with optimi-
zation that makes off-axis systems such 
as three-mirror anastigmats and tolerance 
analysis much simpler, Freniere notes.

CAD integration
Used for the analysis, design, optimiza-
tion, and tolerancing of optical compo-
nents, subassemblies, and full systems, 
OpticStudio, which is produced by Zemax 
(Kirkland, WA), can simulate both im-
aging and nonimaging (lighting and illu-
mination) systems. OpticStudio is built 
around the capability for modeling sys-
tems in which the assumptions of geomet-
ric optics hold—namely, cases in which 
the optical components in the system are 
much larger than the wavelength of light 
propagating through the system, thus al-
lowing light to be modeled as geometric 
rays. However, the software does support 
diffraction-based calculations (based on 
Fourier and Huygens theory) and can also 
model free-space coherent propagation of 
light (using Fresnel and Fraunhofer theory) 

that is useful for many applications (such 
as laser scanning or fiber coupling). Recent 
additions provide support for characteriz-
ing micro-optic components within larg-
er macroscopic optical systems (such as 
surface-relief gratings in an AR headset).

Beyond the initial setup and analysis of 
a given design, OpticStudio has the ability 
for parametric optimization of systems to 
achieve best as-built performance of a giv-
en design. Recent additions to the software 
also allow for optimization of discrete 
data used to describe surface geometry, 
providing greater flexibility of freeform 
design. Validation of the as-built perfor-
mance is done using robust tolerance anal-
ysis to  characterize the effects of pertur-
bations on system performance, allowing 
for these perturbations to be compensat-
ed during design production and assem-
bly. As noted by engineers at Zemax, up-
coming features will provide the ability to 
obtain quick, approximate results for ex-
pected production yield that can be used 
during the design process.

Once the optical design is completed, 
it can be moved into computer-aided de-
sign (CAD) for optomechanical packag-
ing and assembly using OpticsBuilder, 
which allows the geometry of the optical 
model to be accurately recreated in the 
CAD platform automatically. The opti-
cal components are not brought in as stat-
ic CAD parts, but are recreated as native 

CAD objects. This tool, which is current-
ly supported for the SolidWorks and Creo 
Parametric CAD programs, also allows 
the optical performance of the full op-
tomechanical assembly to be analyzed di-
rectly in CAD, as the software uses the 

same ray-tracing en-
gine as provided in 
OpticStudio. The 
impact of the me-
chanical packag-
ing and assembly 
can thus be directly 
modeled in the plat-
form in which the 
optomechanics are 
being defined. Once 
the system is ready 
for production, 
OpticsBuilder then 
supports the ability 
to create manufac-
turing drawings au-
tomatically, pulling 
required data from 

the optical and mechanical models.
An interesting example of using 

OpticStudio is in the design of a displays 
for an AR/VR headset. Current designs 
are based on competing technologies—
freeform optics vs. diffractive optics. 
An example of an optical see-through 
head-mounted display (OST-HMD) de-
sign using freeform optics based on U.S. 
Patent 2014/0009845 A1 is shown in 
Figure 2a. The main optical component 
in this system is a freeform prism. While 
a complete description of the prism re-
quires a 3D model, the ray-tracing prop-
erties of the prism can be accurately char-
acterized in the surface-based sequential 
mode of OpticStudio using Coordinate 
Breaks. Doing so allows for fast setup, 
design, optimization, and tolerancing of 
the model. The sequential model can then 
be moved to the nonsequential mode of 
OpticStudio for complete 3D analysis, in-
cluding characterization of the effects of 
stray light or scattering on system per-
formance. Either the sequential or non-
sequential model can then be directly 
transferred to CAD for optomechanical 
packaging using OpticsBuilder.

FIGURE 2. Optical see-through head-mounted display design using 
freeform optics (a); headset design using diffractive optics (b). (Courtesy 
of Zemax)
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The geometry of the prism surfaces in 
this case can be described using a vari-
ety of parametric descriptions, but also 
using discrete data in the form of a Grid 
Sag surface. Using the multiple configu-
ration modeling of OpticStudio allows 
the see-through and projection paths of 
the OST-HMD to be simultaneously op-
timized and designed.

An example of a headset design using 
diffractive optics is shown in Figure 2b. 
This design includes a hologram coupling 
light into a waveguide that then propa-
gates light from the display into the eye. 
OpticStudio supports the ability to mod-
el idealized as well as realistic holograms 
(the latter using the software’s optically 
fabricated hologram surface); here, the 
model is again created in sequential mode 
using Coordinate Breaks to mimic the 
full 3D geometry. The boundary con-
straints provided in the Merit Function 
Editor of OpticStudio are also used to 
ensure a physical geometry for the mod-
el. Computations based on Kogelnik the-
ory can then be used to calculate the effi-
ciency of the waveguide as a function field 
and source polarization, allowing the de-
sign to be optimized for those input con-
ditions. An example of ignoring and then 
considering the efficiency of the waveguide 
can be seen in Figure 3. OpticStudio also 
supports the ability to model diffractive 
components using rigorous coupled wave 
analysis (RCWA).

Choosing surfaces as aspheres
CODE V by Synopsys (Mountain View, 
CA) is an optical design and computa-
tional engineering package that is used 
to model and analyze image-forming 
systems. CODE V enables engineers to 
design and optimize optical systems for 
best-possible performance and manufac-
turability—for example, engineers can 
include tolerance desensitization during 
CODE V optimization to produce de-
signs that are easiest to fabricate with 
the highest production yields.

“As one example of how CODE V helps 
solve optical-design challenges, consider 
the complex performance and fabrication 
requirements of a compact automotive 

backup camera,” says Matt 
Novak, CODE V senior cus-
tomer applications engineer. 
These camera modules are built in high 
volume and require easy assembly with 
little to no adjustment, he notes. In addi-
tion, the design should provide excellent 
imaging performance despite the wide 
field of view and compact packaging, and 
account for the fabrication and assembly 
tolerances.

“CODE V offers designers a powerful 
optimization engine to create a practical 
working design for the backup camera, as 
well as tools that offer built-in engineering 

expertise—such as the Asphere Expert 
and Glass Expert,” says Novak. In the de-
sign example shown in Figure 4, Asphere 
Expert identified the two most effective 
surfaces to fabricate as aspheres (non-
spherical) to improve optical aberration 
correction. The Glass Expert tool select-
ed an optimum set of moldable glasses 
to maximize the correction of chromat-
ic aberrations.

The Asphere Expert and Glass Expert 
tools enabled the final design to meet 

FIGURE 3. In one AR headset optical design 
modeled in OpticStudio, a hologram couples 
light into a waveguide that then propagates 
light from the display into the eye. Here, 
starting with an input scene (inset), results 
of ignoring (a) and then considering (b) the 

efficiency of the waveguide are 
shown. Note that the more-realistic 
calculations show worse results for 
the image; however, a reoptimization 
produces the desired high-quality 
image (c). (Courtesy of Zemax)

FIGURE 4. CODE V 3D view of molded glass wide-field automotive backup camera design 
(a); modulation transfer function (MTF) for the nominal backup camera design (b); and a 
CODE V image simulation for realistic depiction of performance of backup camera design (c). 
(Courtesy of Synopsys)
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packaging and performance requirements; 
use readily available, cost-effective mate-
rials; and control the aspheric surfaces on 
elements according to manufacturing best 
practices for slope and aspheric departure.

Software for beginning designers
In contrast to the large and complex soft-
ware packages that require an expert’s 
knowledge to fully profit from, a small-
er lens-design program available from 
Excelitas Technologies (Waltham, MA) 
called Winlens is aimed at students and 
engineers with less experience. The soft-
ware has a long history: WinLens v1 was 
written at the time of the transition from 
DOS to Windows 3. “At that time, there 
were quite a few very powerful mainframe 
or DOS lens design programs available, 
however they were not user-friendly; they 
were very rigid in operation and heavi-
ly numbers oriented with graphics be-
ing an occasional luxury,” says Patrick 
Janassek, Product Manager, Catalog at 
Excelitas. “It took a full-time lens de-
signer to use them well. Operations that 
should be simple, like turning a compo-
nent round, were very difficult and re-
quired manual editing of each surface 
and glass in that element.”

Janassek explains that Windows 3 and 
new software development tools offered 
an opportunity to follow a different, much 
more flexible path that would work for 
new students and optical engineers and 
still offer serious tools for full-time de-
signers. “It was important for students 
and lecturers to be able to easily setup 

and tweak simple systems, to see the ef-
fects immediately, and to display optical 
data in meaningful ways—for example, 
to display lens data and calculations in 
more meaningful ways. Previously, opti-
cal glass data was only available in large 
catalogs full of tables of refractive index 
and transmission values—but Windows 
offered the opportunity to display this 
graphically and at non-standard wave-
bands,” he says.

Around that time, Spindler & Hoyer’s 
Microbench (which today is LINOS 
Microbench) system—a high-precision 
optical cage system for complex optical 
setups—offered a whole range of opti-
cal components such as singlets and dou-
blets for which the design data was avail-
able. All these conditions set the stage for 
Excelitas to develop a program that would 
allow users to mock up systems of LINOS 
Microbench parts using only the part num-
bers, to model complete custom optics or 
a combination of the two types, making 
simple things like editing, analyzing, and 
comparing easy and providing insight and 
understanding. The first result, WinLens 
v1, was very limited—working only with 
centered LINOS Microbench lenses.

Version 2 allowed users to define their 
own lenses and mirrors so that they could 
analyze custom systems. Over the years, 
the program has been enhanced in ways 
both large and small: transmission cal-
culations, zoom, systems optimization 
(see Fig. 5), ghost analysis, 3D features 
such as tilt and decenters, Gaussian beam 
calculations, custom coatings, editing 

tools, bookmarking, multiple copies of 
graphs for comparisons, and others. One 
theme in particular has been the addi-
tion of tools for selecting glasses, cul-
minating with a customizable interac-
tive glasses plot.

“The aim has never been to be at the cut-
ting edge of optics, but to provide a good 
user-friendly set of tools for our custom-
ers,” says Janassek. “Even when creating 
specialized tools for designers in research 
and development teams, special consider-
ation is taken to ensure that these tools 
are flexible and accessible to the less ex-
perienced user.”

Excelitas has always offered a free ver-
sion, WinLens3DBasic, widely used in 
universities for optical education and ru-
dimentary optical design. This program 
does not have optimization or ghost anal-
ysis, but includes everything else. Both 
WinLens3D and Winlens3DBasic [free] 
are used in universities for teaching as 
well as in companies for optical design-
ing or testing. The professional suite also 
includes a Tolerancing program with 
ISO10100 drawings and Glass Manager 
and Material Editor programs. 
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FIGURE 5. An example of the optimization of a doublet by Winlens: unoptimized (a) and 
optimized (b). (Courtesy of Excelitas)


