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B eam shaping constitutes an impor-
tant field in optics.1 Many beam-

shaping techniques were realized using
diffractive, refractive or reflective optical
elements, where small deviations of either
surface shape or the input beam can result
in large deviations of the output beam
from the desired shape. For input beams
with relatively large diffusivity, beam shap-
ing can be performed by means of a single
reflection from a discontinuous multifac-
eted element, as we have recently demon-
strated both experimentally and numeri-
cally.2 With this approach, the output
beam is fairly insensitive to small changes
in the input beam.

An even more robust approach is to use
adiabatic beam shaping. Here, the shape of
the beam is changed, for example, by ta-
pering the shape of the beam guide along
its longitudinal axis. An important factor
in the success of any beam-shaping tech-
nique is that it should conserve beam
brightness. For lossless transformation,
this implies the conservation of the four-
dimensional phase-space volume (PSV),
or étendue, of the beam, defined as the
multiplication of the beam area by the sol-
id angle of beam divergence. For slow
(adiabatic) changes in shape of the beam
guide, the total four-dimensional PSV of
the beam should indeed be conserved.3 We
have recently demonstrated,4 both experi-
mentally and numerically, the applicability
of this approach for large size, polychro-
matic, totally incoherent diffuse light.

In our technique, beam shaping is
achieved by means of a hollow tube with
reflecting metallic walls. We investigated
two types of tube geometry. In the first, the
tube is constructed from four flexible pla-
nar reflective surfaces assembled together.
The four reflecting walls are skewed and
curved, enabling coupling between the
horizontal and vertical directions of the
guided beam. In the second type, two re-
flecting walls are always horizontal and
two are always vertical; for this reason, no
coupling between the two transverse di-
rections occurs. The difference in opera-
tion was demonstrated experimentally 

(see Fig. 1). The second type of tube there-
fore conserves four-dimensional PSV by
separately conserving both of the two-di-
mensional PSVs in the two transverse di-
rections. The first type conserves only the
total four-dimensional PSV and reduces
the two-dimensional PSV in one direction
at the expense of an increase in PSV in the
transverse direction. It therefore performs
an anamorphic transformation. This type
of transformation is useful for many appli-
cations, such as beam shaping of high-
power laser-diode bars, one-dimensional
concentration of solar radiation and opti-
cal metrology.1

We also proposed and investigated an
extension to the adiabatic tube approach,5

where a tapered gradient-index rod was
shown to perform general beam-shaping
tasks, such as Gaussian-to-uniform trans-
formation (with a higher brightness than
conventional beam homogenizers). Here,
the input and output refractive index
profiles of the rod are matched to the in-
put and (desired) output beam. We veri-
fied that when the change of the index
profile along the rod’s axis is slow enough
(adiabatic), beam brightness is indeed
conserved.5
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Figure 1. Reflective tube designs for adiabatic
beam shaping. Experimental angular uniformity of
the output beam (�X2/�Y2), as a function of the as-
pect ratio of the input beam (X1/Y1), for an angu-
larly uniform input beam (�X1/�Y1=1) and a spatial-
ly uniform output beam (X2/Y2=1).The first type
of reflective beam-shaping tube (diamonds) yields
uniform angular distribution for the output beam
in the two transverse directions, hence the individ-
ual two-dimensional PSVs are not conserved and
the transformation is anamorphic.The second type
of tube (squares) conserves the two-dimensional
PSVs separately.
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Reflection-Type Integral 
Imaging for Three-Dimensional
Projection Displays
Byoungho Lee,Yoonchan Jeong, Sungyong Jung 
and Jae-Hyeung Park

Among the various techniques for
three-dimensional (3D) displays, in-

tegral imaging (InIm) has attracted con-
siderable attention. Called integral pho-
tography when it was invented in 1908,

InIm has been the focus of a
great deal of attention re-
cently because of a proposal
by the NHK group to use it
in modern electronic de-
vices for real-time television
(TV) applications.1

The key concept in the
technology is a simple one
that is akin to the mecha-
nism behind the workings
of dragonfly eyes. A lens ar-
ray located in front of a
CCD camera allows for
many different perspectives
of the object—called ele-
mental images—to be cap-
tured simultaneously. The
captured images are trans-
mitted to a display system,
which consists of a lens ar-
ray and a display device
such as a liquid crystal dis-
play (LCD). The elemental
images displayed on the

LCD are integrated through the lens array
so that an observer feels as if a 3D image
were present in front of or behind the 
LCD panel.2,3

InIm is an attractive 3D dynamic dis-
play system. Unlike a conventional holo-
graphic system, it is capable of displaying
real-time dynamic images transmitted
through a communication channel. Unlike
a polarization-glass or synchronized-shut-
ter stereoscopic display, it does not require
any visual aids. Unlike a lenticular stereo-
scopic display, it has continuous view-
points within a viewing angle, along with
both vertical and horizontal parallaxes.

Before the technology can be made
available commercially, however, several
problems must be solved. These are the
viewing angle problem, the image depth
problem and the resolution problem. Re-
cent research proposes solutions for the

first two problems.2,4 With the realization
of high-definition TV, the third problem
may be mitigated. Hence, the big challenge
now is to devise a large, integral imaging
system at a low cost.

We recently proposed such a method,
in the form of a reflection-type InIm, to
our knowledge for the first time.5 This
proposal may open the door to 3D projec-
tion TV systems that preserve the unique
advantages of InIm in the context of a
large-screen system.

The concept behind the reflection-type
InIm is quite simple. A concave mirror ar-
ray can play the same role as a convex lens
array except that the ray paths are flipped.
This solution is adapted to the InIm sys-
tem to create a reflection-type InIm.5 Fig-
ure 1 shows examples of integrated images
obtained by this method. In this prelimi-
nary experiment, a 7 x 7 rectangular con-
cave mirror array was used and the ele-
mental images displayed on an LCD were
reflected by the mirror array to form inte-
grated 3D images. The images of the apple
and the mandarin orange were integrated
40 cm and 50 cm, respectively, in front of
the mirror array. Hence, to an observer,
the mandarin orange appears closer than
the apple. The change in their relative po-
sitions in Figs. 1(a) and (b) confirms that
the integrated image is a real 3D image
that has both horizontal and vertical par-
allaxes. The concave mirror array can be
placed on a concave surface so that the
concave surface itself plays the role of a
large convex lens, thus enabling a relative-
ly low cost, large-screen projection 3D dis-
play system. The technique may provide a
new stimulus to the study of projection
multiviewer non-glass dynamic display
systems.
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Figure 1. Camera pictures of real integrated im-
ages under conditions where the same elemental
images are displayed on the LCD. (a) Right-top
view (b) Left-bottom view.The angular difference
was 10 degrees.
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Variable Attenuator 
For Fast-Response,
High-Optical-Power 
Applications
Nabeel A. Riza and M. J. Mughal 

V arious optical components and sub-
systems experience high-speed tran-

sients or optical fluctuations that can neg-
atively affect fiber-optic network perform-
ance or even damage hardware. For in-
stance, laser transmitters and optical am-
plifiers can sometimes exhibit high-peak-
power bursts. In addition, lasers and data-
modulation optics can introduce short-
timescale optical-power fluctuations that
need to be corrected via closed-loop feed-
back control. For this reason, variable op-
tical attenuators (VOA) play an important
role in efficient fiber-optic transmission
systems. They can be used for gain flatten-
ing of erbium-doped fiber amplifiers 
(EDFAs) and power equalization between
different channels of a wavelength-divi-
sion-multiplexing (WDM) system. Mi-
crowave photonic signal-processing appli-
cations also require high-speed, high-
power-handling variable optical power
control, such as that used in adaptive pho-
tonic beam forming in phased-array
radars. Variable optical attenuators also
have a great deal of scope as test and meas-
urement tools and can be used for simu-
lating the loss induced by an optical device
as well as bit-error-rate testing.

Various technologies have been used to
make VOAs, but as of today, no microsec-
ond-speed candidate has emerged to real-
ize high-dynamic-range, continuous vari-
able optical attenuation, particularly at
high-Watt-level optical powers. For in-
stance, although optomechanical attenua-
tors have excellent optical characteristics,
they adjust very slowly in a timeframe
ranging from hundreds of milliseconds to
seconds. Waveguide thermo-optic attenu-
ators have better response time (e.g., in
milliseconds) but do not offer high dy-
namic range. Liquid crystal (LC) attenua-
tors also have similar (e.g., milliseconds)
millisecond-domain speed limits. Micro-
electromechanical system (MEMS) opti-
cal attenuators have good dynamic range
and better response times compared to
thermo-optic and LC attenuators, but
MEMS VOAs do not offer some desired
features of a high-end VOA, such as 50-dB

dynamic range and microsecond switch-
ing speed. Other desired features of a VOA
include low polarization-dependent loss
(PDL) and low static loss.

Earlier acousto-optic (AO) device-
based VOAs had limited dynamic ranges
as well as possible Doppler shifts on the
processed beams. We solved these prob-
lems via the VOA design shown in Fig. 1.
Here, the beam-deflecting properties of a
single AO device arranged
in an optical-loop geome-
try give opposing Doppler
shifts with the doubly dif-
fracted beam, resulting in
precise beam-power con-
trol. The unique half-wave-
plate placement in the loop
causes polarization geome-
try reversal that leads to a
reduction in VOA PDL. To
achieve the desired high-
end VOA, we have exploit-
ed attractive features of the
AO device—such as no
moving parts, fast switch-
ing speed and high laser-
damage threshold—in a
unique, looped optical de-
sign.1 This VOA has pro-
vided microsecond setting
speeds, 65-dB dynamic
range, 2.5-dB static loss
and 0.03-dB PDL over a
wide 80-nm bandwidth
centered at 1550 nm. These
unprecedented features are
the hallmark of a high-end
VOA that can be used in
numerous commercial and
aerospace applications.
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Figure 1. (a) The proposed high-speed high-
dynamic-range VOA design and (b) its attenuation
range plot.
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