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Abstract. We describe a design for a modified, cat’s-eye retroreflector.
The design is catadioptric, containing a single concave mirror and sev-
eral lenses. This retroreflector design exhibits a unique combination of
performance characteristics. It is diffraction limited over a large field
angle while operating with a large aperture and numerical aperture.
There is little vignetting of the optical beam, even at large field angles,
providing good light return at all angles of incidence. It brings the light
beam to a focus and allows access to the light near the focal plane, thus
decoupling the size of the aperture from the size of devices used with the
retroreflector. This final feature makes the design appealing for use with
spatial light modulators, or other optical or electro-optical components.
© 2002 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1483881]
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1 Introduction

Retroreflectors are common components in optical syste
By using three plane surfaces, the well-known cube-cor
reflector is constructed. An alternative is the cat’s-eye
roreflector, which consists of a lens with a primary mirr
at the focus of the lens, or of two mirrors, with the secon
ary mirror at the focus of the primary.1,2 These two alter-
natives are illustrated in Fig. 1. The most significant diffe
ence between the cube-corner and cat’s-eye designs is
the light entering the aperture of the cat’s-eye reflecto
brought to a focus, typically at a reflecting surface, wh
the light traveling through a cube-corner reflector is n
This difference can be significant in a variety of applic
tions. In high power applications, one may wish to avo
bringing an intense beam of light to a good focus. Ho
ever, in certain situations the ability to focus the light, a
then to be able to access that light at or near the focus,
be highly advantageous.

An example of a system that requires a cat’s-eye retro
flector is a modulating retroreflector. The modulating r
roreflector is designed so that a fixed source sends ou
unmodulated beam of light. The light is received by t
modulating retroreflector, a signal is placed on the beam
means of an optical modulator, and then the light is
flected back to the base. Such a system demands a f
large aperture operating at a large numerical aperture
collect as much incoming light as possible. Employing
cube-corner reflector in this system leads to the unfortun
requirement that the optical modulator be as large as
aperture of the retroreflector. Perhaps even more dem
ing is the associated result that the light modulator mus
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uniform across the entire beam of light, since all of the lig
passing through the modulator at a given instant must
modulated identically. This leads to challenges in the fa
rication of the light modulators. It also leads to constrain
on the speed at which the system can send data, as
entire surface area of the modulator acts on the entire b
of light. A larger surface area for the light modulator lea
to a lower data transmission rate, since the modulator is
limited and the capacitance goes as the area.

The cat’s-eye retroreflector addresses these difficult
First, the spatial light modulator as a whole can be sma
than the aperture of the retroreflector if it is placed adv
tageously within the optical system. The overall size of t
modulator is then dictated primarily by the chief ray of th
system, that is, by the desired field of view, while the d
mand on the overall size of the modulator due to the ax
ray of the system is quite small. Second, only a small p
tion of the light modulator will be used at any given time
it is placed near the focal surface in the retroreflector. W
the proposed design, the light entering the retroreflector
given instant will come to a focus near the modulator,
the area of the modulator illuminated at a given time can
quite small, on the order of a square millimeter. The spo
light will, of course, move across the modulator as the
cation of the source moves relative to the reflector, but o
a small area of the modulator will be used at any giv
time. By designing the modulator array to act as a pho
detector array as well, the driving circuitry can determi
which region, or pixel, to address. This greatly relaxes
quirements on the uniformity of the modulator, as t
modulator can be broken into pixels, each of which is u
1655© 2002 Society of Photo-Optical Instrumentation Engineers
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form and can act independently of neighboring regio
This ability to break up, or pixelate, the surface of t
modulator also allows for much higher data transmiss
rates. Clearly, a cat’s-eye retroreflector exhibits the per
mance criteria necessary in this application.

2 Background and System Requirements

The literature related to cat’s-eye retroreflectors is not
tensive. Beer and Marjaniemi presented an excellent st
of wavefront error and construction tolerances for cat’s-e
retroreflectors in 1966.1 In succeeding years, the use
cat’s-eye retroreflectors in Fourier transform spectrome
received some attention.3,4 In the mid- to late-1970s, addi
tional analyses of cat’s-eye reflecting systems appeared
tending and building on the work of Beer an
Marjaniemi.5–7 More recently, cat’s-eye reflectors that a
solid glass have attracted significant attention. These
signs are based on a solid sphere of glass of a high re
tive index,8,9 or on hemispheres and spherical shells
glass cemented together.10 These designs have virtually un
limited fields of view and are quite simple and stable. Ho
ever, they do not display diffraction-limited performan
and do not allow access to the near-focus region of
retroreflector for the optimal placement of a light modula
or similar component. It became apparent that a new de
was necessary to meet the needs of the authors.

The requirements on the performance of the des
cat’s-eye retroreflector are summarized as follows. The s
tem must bring all incident light to a focus before retror
flecting the light, and allow components to be placed n
the focal surface. Hence, the air space in front of the mir
must be large enough to allow the placement of the mo
lator, which is essentially a plane-parallel plate appro
mately 0.6 mm thick. The system must be diffraction lim
ited over the full field of view. A fairly large field angle is
desirable, with the full field of view preferably being a
least 30 deg. This large field of view ensures that the
modulated beam of light from the fixed source will still b
received and returned by the retroreflector as the positio

Fig. 1 Basic cat’s-eye retroreflector designs: (a) catadioptric system
with distance from objective lens to mirror equal to the focal length
of the lens, and (b) all-mirror system with the secondary mirror at the
focal plane of the objective mirror.
1656 Optical Engineering, Vol. 41 No. 7, July 2002
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the fixed base changes relative to the retroreflector.
clear aperture of the primary should be about 25 mm
diameter, and the numerical aperture for the system sho
be 0.25 or greater, giving an infinity f-number of no mo
than f/2. The size of the primary is dictated by the need
balance two demands. First, the retroreflector must col
from, and return to, the fixed base as much light as p
sible. Second, the retroreflector must have a relatively sm
overall package size and weight. The large numerical a
ture is motivated by the need to collect as much incid
light as possible. As will be seen, the large numerical ap
ture also limits the required overall diameter of the mod
lator to less than 15 mm, which is the maximum size of t
modulators available for this system. Finally, the intent
the retroreflector is to give a uniformly strong return acro
the entire field of view of the device. Care must therefo
be taken to eliminate any decrease in the effective num
cal aperture at large field angles due to vignetting with
the system. It should be noted that the retroreflector is to
used with a monochromatic light source, operating in
near infrared at 980 nm. The fact that the retroreflector d
not need to be color corrected makes the catadioptric
proach reasonable for the system.

The work of Beer and Marjaniemi1 provided important
information for the authors regarding the performance
cat’s-eye reflectors. They determined that systems emp
ing a parabolic primary and a spherical secondary provi
significantly better performance than systems consisting
a primary and a secondary that were both spherical.
advantage of the parabolic systems was not limited to
on-axis case, but was obvious at all fields of view. Wh
the work of Beer and Marjaniemi was on systems of tw
mirrors, we used their results as a starting point. In o
catadioptric system, we made use of one parabolic sur
in our primary, which is a system of lens elements, a
used a spherical mirror as our secondary.

The design of this cat’s eye retroreflector was execu
using a ZEMAX optical design program. The illustration
of the optical system and much of the analysis of this s
tem were prepared using ZEMAX. However, in describi
the design of this lens, we attempt to use descriptions g
eral enough so that a specific knowledge of ZEMAX is n
required for a full understanding of our results.

3 System Design

As stated earlier, a catadioptric overall system design
the cat’s-eye retroreflector was appealing in view of t
absence of the need for color correction. The basic sys
is illustrated in Fig. 2. The objective consists of four r
fracting elements, with the aperture stop between the s
ond and third elements. The secondary mirror acts as
field stop in the system. A modulator inserted just in fro
of the secondary mirror would likely serve as the field st
when present in the system. In designing the retroreflec
the system was treated essentially as a telescope. Th
the retroreflector as a whole is an afocal system that
work exclusively at infinite conjugates.

A number of characteristics were incorporated into t
design to minimize vignetting at all field angles. While
plane mirror would be desirable for use with the plan
modulator and for ease of manufacture and alignment, s
tem designs incorporating a plane mirror suffer from e
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Biermann et al.: Design and analysis . . .
treme vignetting at larger field angles, significantly dimi
ishing the light returned by the retroreflector. As one wou
expect, the surface primarily responsible for vignetting
the aperture stop. We overcame the vignetting problem
using a concave secondary mirror. The concave mi
forces the ray bundle to be more symmetric about the c
ray at all field angles, limiting the vignetting losses. T
vignetting losses are most effectively limited if the distan
from the aperture stop to the mirror is approximately eq
to the radius of curvature of the mirror.

Rather than force a fixed separation between the a
ture stop and the mirror given a radius of curvature for
mirror, or vice versa, we allowed the optimization routi
in ZEMAX to choose the distance and the radius of cur
ture, within constraints. We constrained the chief ray
have the same angle incoming and outgoing, and to h
zero height at the aperture stop as it left the system a
reflection. Thus, the retroreflection of the chief ray forc
the system as a whole into the desired configuration. In
the designs that performed well, the radius of curvature
the mirror is approximately equal to the aperture stop
mirror separation distance. For example, in the design
scribed in detail later, the ratio of the radius of curvature
the mirror to the separation between the aperture stop
the secondary mirror is 1.01.

Our choice for the radius of curvature of the second
mirror was driven by the desire for the system to work
large field angles, that is, at least 30-deg full field. Beer a
Marjaniemi1 found a much different optimal solution b
modeling a two mirror system with the secondary mirr
located at the focal plane of the primary mirror. In the
model, the primary mirror is the aperture stop and the s
ondary is the field stop. They determined that the radius
curvature for the secondary mirror, which minimizes wav
front error when using a parabolic primary mirror and
spherical secondary mirror, is 2.02F, where F is the fo
length of the primary mirror, and the distance from t
aperture stop to the secondary mirror. While this solut

Fig. 2 Basic layout of the cat’s-eye retroreflector design. The first
surface of the first element is parabolic. All other surfaces are
spherical. The aperture stop is between the second and third ele-
ments and the mirror is the field stop. The ray bundles passing
through the system are for source points on axis and at a field angle
of 15 deg. Notice that the extreme rim ray of the off-axis bundle is
vignetted by the aperture stop as the light leaves the system.
f
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r
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provides good performance at relatively large field angl
up to 10-deg full field, their model did not account fo
vignetting losses, rendering this approach inappropriate
our system. Snyder2 carried out a simple analysis of a cat’
eye system and found that the field of view is maximiz
when the radius of curvature of the secondary mirror
equal to the focal length of the primary lens. For the case
the thin lens objective that Snyder studied, this condition
equivalent to requiring that the radius of curvature of t
secondary be equal to the distance from the aperture sto
the secondary mirror. The result of Snyder’s analysis
then, consistent with the results of our design efforts
provide high performance at large fields of view.

It should be mentioned that the feasibility of a telece
tric design for the objective was considered, since it off
advantages for a cat’s-eye retroreflector. A telecentric
jective allows one to achieve retroreflection with a pla
secondary mirror, and a plane mirror has the strengths
cussed earlier. With the exception of small field angl
however, vignetting losses more than offset this advanta
An outgoing rim ray does not follow the incoming path
the other rim ray, and significant light is vignetted, partic
larly at the aperture stop. In trial systems tested, only 30
50% of the light incident at a field angle of 5 deg w
returned by a retroreflector using a telecentric objective

The utility of a concave secondary mirror, centered
the aperture stop of the objective, becomes clear in
context of a telecentric system. The advantage of a telec
tric objective and a plane secondary mirror is that the ch
ray always strikes the mirror normally. A concave mirr
centered on the aperture stop also has this advantage. H
ever, the concave mirror also allows the rim rays to
reflected symmetrically. The angles of incidence of the u
per and lower rim rays are approximately equal at all fie
angles, not just on axis. The outgoing rim ray therefo
follows the incoming path of the other rim ray and virtual
no light is vignetted. In the system described later, o
99.8% of the light entering the entrance pupil is returned
the retroreflector. Given the design process followed,
refer to the system with a concave mirror centered on
aperture stop of the objective as ‘‘locally symmetric’’ o
‘‘locally telecentric,’’ since it incorporated some of the ad
vantages of a telecentric system while limiting vignettin

Finally, root mean square wavefront error was chosen
the figure of merit for system performance. This is app
priate for a retroreflector. A retroreflector should return
wavefront identical to the initial wavefront along the ang
of incidence. In an afocal system such as this, wavefr
error is a better indicator of performance than spot size

4 Description of the Design and Performance
Criteria

By employing the basic criteria described before to the
sign of a cat’s-eye retroreflector, several excellent desi
were developed. One of them is illustrated in Fig. 2. T
ray bundles for an on-axis source and for a source at
maximum, half-field of view of 15 deg are illustrated on th
system. Note that an extreme rim ray from the off-ax
source is vignetted by the aperture stop as the light lea
the optical system. The retroreflector was optimized for o
eration at 980 nm. The radius, thickness, and glass in
mation is provided in Table 1. The radius of the apertu
1657Optical Engineering, Vol. 41 No. 7, July 2002
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Biermann et al.: Design and analysis . . .
stop, surface 5, is 6.730 mm to yield an entrance pu
diameter of 16.2 mm. All surfaces are spheres except
the first surface, which is parabolic.

The focal length of the primary lens system is 40.4 m
The primary has a numerical aperture of 0.30 and an in
ity f/# of 1.70. These values for the numerical aperture a
the infinity f/# refer to the ray bundle that the primary f
cuses onto the secondary mirror. The retroreflector a
whole is, of course, afocal. The large numerical apertur
desirable given the need to collect as much incident ligh
possible. The large numerical aperture is also key to lim
ing the diameter of the modulator to 13.8 mm by keep
the secondary mirror close to the aperture stop. The far

Table 1 Prescription data for the optimal system design. Surface 1
is parabolic. All other surfaces are spherical. Note that the thickness
information refers to the thickness after the surface of the same
number.

Surface
number

Radius of
curvature, mm

Thickness after
surface, mm Glass type

1 29.724 7.786 Schott KF9

2 263.404 2.133 Air

3 241.517 7.786 Hoya TAFD30

4 286.211 3.101 Air

5, stop Infinity 6.489 Air

6 27.693 6.489 Schott SF18

7 2169.05 2.656 Air

8 389.31 6.489 Schott
KZFSN2

9 2108.37 8.687 Air

10 231.061 — —
1658 Optical Engineering, Vol. 41 No. 7, July 2002
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the secondary mirror is from the aperture stop, the lar
the modulator will have to be for a given field of view
While the system described here has a full field of view
30 deg, designs for cat’s-eye retroreflectors with a full fie
of view up to 36 deg have been developed as well. T
design incorporates elements of reasonable thicknesses
radii of curvature. The design also provides ample spac
front of the secondary mirror to insert a spatial light mod
lator or similar device.

The overall system performance is excellent. Plots
wavefront error are provided at three field angles, on axi
and 15 deg, in Fig. 3. It is worth emphasizing that th
wavefront error is the wavefront error of the final wav
front exiting the system. Hence, the exiting wavefront
very similar to the planar wavefront incident on the syste
The similarity of the incident and exiting wavefronts is th
single most important figure of merit for a retroreflectin
system. The wavefront error is largest at about 8 deg wit
peak-to-peak wavefront error of 0.12l. This is well within
the nominal diffraction limit of 0.25l, which is beneficial
in tolerancing and the manufacturing of the optical syste
The low wavefront error provides excellent light return a
is especially notable when combined with the near abse
of vignetting in the system. The system performance is
hanced by the flexibility of using high index glasses wit
out concern for dispersion.

Tolerancing was carried out on the system by means
an inverse sensitivity analysis. It was found that diffractio
limited performance can be expected from systems that
manufactured using reasonable tolerances, and this op
system is currently being manufactured. Several parame
of the system were particularly sensitive to manufactur
errors leading to the degradation of system performan
The worst offenders as determined in the tolerancing p
Fig. 3 Wavefront error as a function of aperture at three field angles for the optimal design. In this
design the first surface is parabolic. The aperture coordinates are relative and the scale for the optical
path difference runs from 0.2 to 20.2 waves. The field angles are 0, 8, and 15 deg. While rms
wavefront error is a maximum at 15 deg, the maximum peak to valley error is at 8 deg.



Biermann et al.: Design and analysis . . .
Fig. 4 Wavefront error as a function of aperture at three field angles for the design using only spheri-
cal surfaces. The aperture coordinates are relative and the scale for the optical path difference runs
from 2.0 to 22.0 waves, an order of magnitude larger than the scale for the optimal design. The field
angles are 0, 8, and 15 deg. The rms wavefront error and the peak to valley wavefront error both reach
maxima at 15 deg.
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cedure include the radius of curvature of the first surface
the system, the parabolic surface, the thickness of the
element, and the distance from the fourth lens to the s
ondary mirror. It was also determined that the second l
element and the secondary mirror are particularly sensi
to tilt errors. The second and third elements and the s
ondary mirror are sensitive to decentering errors.

It is worthwhile to note the performance of the retror
flector with respect to various aberrations. It was absolu
essential to minimize distortion in this design as the wa
front tilt caused by distortion rapidly degrades the effe
tiveness of the system as a retroreflector. That is, a nice
wavefront is not of much use unless it is going along
same line as the incident light. The distortion is very sm
in this system, never exceeding 0.001%. Petzval field c
vature is naturally limited in a system such as this. T
result follows because the system of interest is essentia
telescope with no magnifying power, and Petzval field c
vature can be minimized by minimizing the power of
telescope.11 This circumstance is one of the few situatio
in which the inherent performance demands for a retro
flector coincide with conditions that optimize performanc
The fact that this is a double-pass system also aids in c
trolling distortion and coma. While this double-pass syst
is not symmetric about a central stop, it is symmetric ab
the secondary mirror, which does not eliminate distort
and coma, but does limit it. Astigmatism is the limitin
aberration with respect to field of view. The use of t
parabolic surface helps to limit the spherical aberration
coma. However, spherical aberration is still the limitin
aberration as the numerical aperture increases in s
Astigmatism and spherical aberration are the largest c
tributing aberrations, consistent with the roles they play
t
-

-

t

-

.
-

limiting field of view and aperture, respectively. Their co
tributions are followed by that of Petzval field curvatur
with much smaller contributions arising from coma and d
tortion.

The importance of the single parabolic surface to t
design is striking. By making use of all the techniques d
scribed previously, a design was completed that is ess
tially identical to our optimal result, with one exception.
the comparison approach, all surfaces were kept as sph
and the system was then optimized. The wavefront erro
a function of relative aperture for the on axis, 8- and 15-d
field angle cases for this all-spherical design is illustrated
Fig. 4. While the all-spherical result is only about five tim
worse than the system containing the parabolic surface
field angle of 8 deg, the wavefront error is 18 times wor
on axis and 27 times worse at the maximum field angle
15 deg. Given the requirement of diffraction-limited perfo
mance, the parabolic surface is a key characteristic of
design.

We should note that our choice of a parabolic asph
was dictated by the end user of the system who wan
only a single parabolic asphere in the system. This requ
ment was based primarily on manufacturing consideratio
While our final system was therefore constrained to cont
a parabolic asphere, we also explored the possible utility
other aspheres in the design. We completed optimizati
of systems in which the conic constant of the asphere
allowed to vary. We found that systems containing elliptic
aspheres, with conic constants between20.41 and20.46,
provided the best overall system performance. The syst
containing elliptical aspheres maintained all desired per
mance criteria, such as limited vignetting, a large field
1659Optical Engineering, Vol. 41 No. 7, July 2002
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Biermann et al.: Design and analysis . . .
view, and a large numerical aperture, while reducing
maximum peak-to-peak wavefront error to about 0.0l.
This is only about half the maximum peak-to-peak wav
front error of the system with a parabolic asphere. Give
situation in which an elliptical asphere is acceptable
would therefore be advantageous to replace the para
with an ellipse.

The possibility of placing the asphere on a different s
face was also considered. The asphere was shifted t
surfaces in the primary, and optimizations of the alternat
designs were then performed. In all cases, the system
the asphere on the first surface performed better than
tems with the asphere placed on a different surface. Qu
tatively this is reasonable, given the large angles of in
dence incoming rays make on the first physical surface,
given that the first surface has the largest clear apertur
any surface in the system.

5 Summary

We have presented a design for a cat’s-eye retrorefle
that meets a number of important performance criteria fo
modulating retroreflector system. Guided by previous wo
this design is a significant contribution to the developm
of cat’s-eye retroreflectors, providing diffraction-limite
performance over a wide field of view at a large numeri
aperture. Most importantly for us, it brings the retror
flected light to a focus within the retroreflecting system a
allows access to the light near the focal surface. The ab
to access the light near the focus within the retroreflecto
essential to permit the use of a fast, pixelated spatial li
modulator. This allows us to decouple the size of the mo
lator from the aperture size of the retroreflector in o
modulating retroreflector system. We believe this desi
and similar designs that encompass many of the same
ciples, can be of great utility in a variety of optical an
electro-optic systems.
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