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An integrated free-space optical interconnection system with 2500 parallel data channels is demon-
strated. The design is based on a combination of microchannel imaging and conventional imaging. A
modification of the hybrid imaging configuration allows one to achieve optimized image quality over large
image fields. © 1997 Optical Society of America
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1. Introduction

Optical interconnects are widely discussed as a solu-
tion for communication bottlenecks of VLSI electron-
ics. Besides the high temporal bandwith of optical
interconnects, the high degree of parallelism of free-
space optics is promising for providing the necessary
data throughput.1,2

Free-space optical interconnects are implemented
by the imaging of arrays of output devices onto de-
tector arrays. In communication applications the
small optical windows of the input–output ~IyO! ar-
rays generally are not densely packed but are distrib-
uted at discrete positions over the image field. High
resolution is needed to resolve the IyO windows, but
the area between the windows is black or optically
uninteresting. Such device arrays are often called
dilute arrays.3 Typical examples for dilute arrays
are arrays of electronic logic gates with optical IyO’s,
also called smart-pixel arrays,4 or bundles of optical
fibers.

For optimum performance, the optical imaging sys-
tem has to be adjusted to this specific situation. A
conventional imaging system provides constant res-
olution over an extended image field, regardless of
the influence of aberrations @Fig. 1~a!#. This consti-
tutes a waste of the space–bandwidth product if only
distinct islands of the image field are of interest.
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Therefore it has been suggested using arrays of mi-
crolenses, each transmitting one single channel.5
This approach is often called microchannel imaging.
In this case, however, the interconnection distance is
limited by diffraction at the microlens pupils.6

Hybrid imaging is a combination of microchannel
and conventional imaging.3,7–11 Microlens arrays
are used to collimate the light from the sources ~A1!
and to focus the light to the detectors ~A2! @Fig. 1~b!#.
In order to avoid cross talk because of the diffraction
at the microlens pupils, an additional imaging step
between the planes of the microlenses is used. This
combination allows one to distribute the space–
bandwidth product of the imaging lenses precisely as
needed for dilute arrays. The high resolution is pro-
vided locally by the microlenses. This imaging con-
cept is particularly interesting for the design of
planar-integrated free-space optics12 because it also
reduces aberrations. In planar optics the optical
system is folded into a two-dimensional geometry and
is integrated monolithically, e.g., by diffractive optical
elements ~DOE’s!. The propagation along the
oblique optical axis puts additional constraints on the
design of the DOE’s.

In an earlier experiment, an integrated hybrid im-
aging system with 1024 parallel channels was dem-
onstrated.13 It has been shown in Ref. 13 that
systems with even more channels can be achieved if
all available design parameters are used to optimize
the optical performance.

To this end we use the design freedom offered by
parameters such as focal length and deflection angle
of the lenslets in the array A1 and A2. The basic
idea is presented in Section 2. It leads to a modified
hybrid imaging system. In Section 3 we show ex-
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perimental results of such a hybrid imaging system
with 2500 parallel channels. In Section 4 we discuss
the limitations of the system as well as alignment
tolerances. In Section 5 a space-variant hybrid im-
aging system is suggested as a specific application of
the modified hybrid imaging scheme.

2. Modified Hybrid Imaging Configuration

In the conventional hybrid imaging configuration
@Fig. 1~b!# uniform arrays of microlenses ~A1 and A2!
are used. The imaging of A1 and A2 onto each other
needs to be performed by a telecentric 4F setup.
Telecentricity is required in order to avoid dislocation
and distortion of the image spots. The use of uni-
form lenslet arrays therefore is not perfect in terms of
the optical design and limits the systems perfor-
mance to space-invariant one-to-one imaging.

More design flexibility can be achieved if the mi-
crolenses of arrays A1 and A2 not only collimate the
light but also deflect it9 @Fig. 2~a!#. If at the same
time the focal length of each microlens is adjusted
individually @Fig. 2~b!# we can optimize the hybrid
imaging setup. Instead of a 4F configuration being
used, a single imaging lens in plane L is used as a
field lens that images the entrance pupils in A1 onto
the exit pupils in A2. Below we call this modified
hybrid setup, the hybrid 2Fy2F configuration, as op-
posed to the conventional hybrid imaging configura-
tion that we call the hybrid 4F setup.

The fabrication of lenslet arrays in which the focal
length as well as the deflection angle of each micro-
lens is designed individually might seem to require
additional technological effort. This is, however, not
necessarily the case. For our experiments, e.g., we

Fig. 1. Imaging setups for the implementation of optical inter-
connects ~I’s, input arrays; O’s, detector arrays; L1 and L2, imaging
lenses with focal length F and diameter D!: ~a! conventional 4F
imaging, ~b! hybrid imaging ~A1, A2, uniform arrays of microlenses
with focal length f and diameter d!.
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used multilevel DOE’s that offer the necessary design
freedom without increasing the complexity of the fab-
rication process. To improve the performance of the
DOE’s further we recently suggested using efficient
detour-phase holograms in which the beam deflection
results naturally from the use of a carrier grating.14

Other possible implementations use doublet ele-
ments such as hybrid diffractive–refractive ele-
ments,6,15 as indicated in Fig. 3. Beam deflection
can also be achieved with uniform lenses that are
shifted locally to achieve the desired beam deflec-
tion.16

The main advantage of the hybrid 2Fy2F configu-
ration is that we are able to optimize the imaging
properties for each individual channel by the individ-
ual design of each microlens. To this end it is nec-
essary to design each of the microlenses of A1 and A2
for the imaging of a single source in plane I onto the
center of the imaging lens L. As is well known, for a
single point source ideal imaging can be achieved by
proper optical design. The focal lengths of the opti-
mized microlenses depend on their positions within
the array. We use the indices n and m to indicate
this position in the x and the y directions, respec-
tively. The center of the microlens ~n, m! is located
at @~n 2 0.5!d, ~m 2 0.5!d#, where d is the diameter
of the microlenses and the origin of the coordinate

Fig. 2. Additional degrees of freedom that are used for the opti-
mization of the imaging quality: ~a! deflection angle introduced
by the individual microlenses, ~b! variable focal lengths of the
individual microlenses.

Fig. 3. Optimized 2Fy2F hybrid imaging system with deflecting
microlens arrays A1 and A2 and one field lens L with focal length
F.



system is located on the optical axis. Different focal
lengths result for the x and the y directions:

fx~n! 5
zo@~n 2 0.5!2d2 1 4Fx

2#1y2

zo 1 @~n 2 0.5!2d2 1 4Fx
2#1y2 , (1)

fy~m! 5
zo@~m 2 0.5!2d2 1 4Fy

2#1y2

zo 1 @~m 2 0.5!2d2 1 4Fy
2#1y2 . (2)

In Eqs. ~1! and ~2!, zo is the object distance between
planes I and A1 ~Fig. 3!. Fx and Fy denote the focal
lengths of the imaging lens in plane L. In the case of
an oblique optical axis, e.g., in planar-integrated sys-
tems, this lens is optimized for the imaging along the
oblique axis.13 This optimization effectively results
in different focal lengths for the x and the y directions
~Fx Þ Fy!. In combination with the deflection angle
that can be derived from geometric considerations,
Eqs. ~1! and ~2! yield the phase profile of the individ-
ual microlenses in A1 and A2. The required ele-
ments can be implemented as computer-generated
DOE’s. Aberrations such as field curvature, astig-
matism, and coma can be completely eliminated in
this optimized system.

In the hybrid 2Fy2F imaging setup, the only pos-
sible aberrations stem from the imaging step that
images A1 onto A2. However, these aberrations are
smaller than those in hybrid 4F imaging. Their
magnitude decreases with the numerical aperture of
the imaging lens. The minimum diameter of lens L
can be calculated from the lateral extension of the
images of the sources in plane L. According to the
design of the focal lengths the images of the sources
at the very edge ~n 5 Nx and m 5 Ny! of the array
have the largest diameter. This size of the images in
plane L determines the minimum diameter of the
imaging lens. The diameter Dx of the lens in the x
direction can be calculated from

Dx 5 SNx
2

4
d2 1 4Fx

2D1y2

2
l

d
. (3)

Here Nx represents the number of sources in the x
direction with pitch d in source array I and Fx is the
focal length of the imaging lenses. The pitch d also
corresponds to the diameter of the microlenses.

For large interconnection distances ~Fx .. d! Dx is
considerably smaller than the diameter of the imag-
ing lenses ~L1 and L2! in the conventional or the
hybrid 4F case.8 This results in a reduction of the
numerical aperture of the imaging lens, which in turn
results in a reduction of the aberrations.

3. Experimental Implementation of a Hybrid 2Fy2F
Imaging System

We have fabricated a hybrid 2Fy2F imaging system
in a planar optical configuration.17 The setup is
shown schematically in Fig. 4. An array of 50 3 50
microlenses is used to couple the light into the glass
substrate. Except for the microlens arrays, the sur-
faces of the glass substrate are reflection coated.
The light propagates along a zig-zag path ~oblique
angle a 5 10.15°! within the fused-silica glass sub-
strate of thickness t 5 6 mm. The microlenses of
arrays A1 and A2 are individually designed to focus
the light in plane L, where the imaging lens is lo-
cated. The imaging lens was designed for imaging
along the oblique optical axis.13 The microlenses of
A1 and A2 ~diameter d 5 50 mm, numerical aperture
'0.11! and the imaging lens L ~diameter D 5 897
mm, numerical aperture 0.037! were fabricated litho-
graphically as four-level DOE’s. The system dem-
onstrates 50 3 50 parallel data channels with an
interconnection density of 400 mm22. The lateral
interconnection distance s was 8.6 mm.

For reasons of mask economics only 257 of the 2500
possible channels were actually realized. Their po-
sitions are indicated in Fig. 5. For a light source we
used an optical fiber with a core diameter of 8.5 mm.
The channels were tested individually. Figures 6~a!
and 6~b! show multiple-exposure photographs taken
with a CCD camera of sections at the center and the
edge of the output plane, respectively. A scan
through the corresponding pictures shows the profile
of the focal spot ~Fig. 7!. The image quality was
uniform over the whole array. We measured a di-
ameter of w ' 19.2 mm for the images of the fiber

Fig. 4. Schematic of the experiment that demonstrates the planar
optical imaging setup with 2500 parallel data channels ~A1, A2,
optimized microlens arrays; L, imaging lens; substrate thickness
t 5 6 mm; interconnection length s 5 8.6 mm!.

Fig. 5. Schematic of the input array of 50 3 50 microlenses mark-
ing the actually implemented channels.
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core. This is larger than the size of the diffraction-
limited focus, which is wd ' 7.73 mm. The extended
spot diameter can be explained by the spectral band-
width of the 850-nm laser diode that was used in our
experiment and by the multimode properties of the
fiber at this wavelength. During the experiment we
observed some stray light, which reduces the contrast
ratio to ;1:10. It has been shown previously that
contrast ratios better than 1:200 can be achieved if
absorption layers are used in the areas between the
optical elements.13 Because of the oblique optical
axis in planar optics, most of the stray light propa-
gates into directions where it can be stopped by suit-
able absorption layers. In our configuration we
therefore expect a contrast improvement of at least a
factor of 10 to values better than 1:100.

4. Power Budget

The goal in our experiment was to demonstrate that
the hybrid 2Fy2F configuration allows one to achieve
good image quality over large image fields. There-
fore the system was not optimized with respect to
light efficiency. Nevertheless an estimation of the
efficiency of the individual channels is interesting for
a future optimization. For the calculation we use
the efficiency values resulting from scalar diffraction
theory. This should be valid in our case, as the litho-
graphic minimum feature was considerably larger

Fig. 6. Multiple-exposure photographs of the images of the fiber
tip, imaged sequentially by ~a! two channels in the center of the
planar optical imaging system, ~b! three channels at the edge of the
image field.

Fig. 7. One-dimensional intensity distribution of one of the focal
spots shown in Fig. 6.
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than the wavelength. The incoupling microlenses
were implemented as binary DOE’s with an efficiency
of hc ' 0.4. Imaging lens L was implemented as a
four-phase-level DOE with an efficiency of hL ' 0.81.
Additional Fresnel reflection losses of ;5% occur dur-
ing the incoupling and outcoupling of the light ~hF 5
0.95!. Another important effect that reduces the ef-
ficiency stems from the reflections inside the sub-
strate. In our system the light propagates along
four zig-zag bounces so that seven reflections at mir-
rors on the glass surfaces are required. For our ex-
periment we used aluminum coatings with a
reflectivity of only ;85% at l 5 850 nm to fabricate
the mirrors ~hR 5 0.85!. This results in an overall
efficiency h for the individual channel:

h 5 hR
7hc

2hLhF
2 5 3.75%. (4)

The two main reasons for this low efficiency are the
reflectivity of the mirrors as well as the incoupling
lenses. Metallic layers with higher reflectivity can
be used instead of the aluminum coating for the fab-
rication of the mirrors. With the use of silver coat-
ings ~h 5 0.98!, e.g., the efficiency can already be
increased to h . 10%. The use of dielectric coatings
for mirrors with even higher reflectivities is currently
being investigated.

A significant gain in efficiency can be achieved from
an improvement of the efficiency of the incoupling
lenslet arrays. Improved lithography allows the
fabrication of multilevel DOE’s with higher efficiency,
even for the high deflection angles needed for large
systems. Additional improvement can be expected
from the use of the detour phase as an additional
degree of freedom for efficient DOE’s.14 Overall ef-
ficiencies of 20%–50% per channel seem feasible with
the approach. Because all the channels consist of
the same components that are all fabricated in the
same lithographic process a good uniformity in the
efficiency over the individual channels can be ex-
pected.

5. Systems Considerations

A. Estimation of the Maximum Number of Channels

We now estimate the maximum number of data chan-
nels that can be implemented with such a hybrid
2Fy2F setup integrated in planar optics. As in the
demonstration experiment, we assume the use of
DOE’s. Therefore the number of channels is limited
by the maximum deflection angle determined by the
minimum feature size of the lithographic fabrication
process.

We first consider the x direction that corresponds to
the direction in which the system is folded. As a
geometric boundary condition for planar optics the
light originating from the left edge of the array must
not overlap with the right edge of the array after one
zig-zag propagation in the substrate. Taking into
account the size of the input array as well as the



diffraction blur, we find a condition for the lateral
shift Dx after one zig-zag bounce:

Dx $ Nxd 1
l

d
~Nx

2d2 1 4t2!1y2. (5)

We can calculate the necessary propagation angle:

tan~ax! 5
Dx
2t

. (6)

With the parameters used in our experiment ~Nx 5
50, d 5 50 mm, t 5 6 mm!, relation ~5! and Eq. ~6!
yield a deflection angle of ax 5 12.7°. In addition we
need to take into account the divergence angle adiv of
the light in front of the microlens. A typical value
for a 850-nm vertical-cavity surface-emitting laser
diode with an output window of d 5 10 mm is adiv 5
4.9°. Thus the maximum deflection angle intro-
duced by a diffractive element in our example would
be amax 5 17.6°. According to the equation

sin~amax! 5
l

nLwmin
, (7)

we can calculate a necessary minimum feature size of
wmin 5 0.96 mm for the fabrication process if diffrac-
tive elements with two phase levels ~L 5 2! are used.
L denotes the number of phase levels of the element,
and n is the refractive index of the substrate ~n 5 1.46
SiO2!.

UV lithography with minimum features sizes in
the submicrometer range allows the fabrication of
systems optimized for even larger arrays. For the
implementation of 100 parallel channels in the x di-
rection, for example, a maximum deflection angle of
amax 5 28.4° is necessary, which corresponds to a
minimum feature size of wmin 5 0.61 mm.

In the y direction the requirements are less strin-
gent because the optical axis is not inclined in this
direction. If the light has to be focused in the center
of the configuration, a deflection angle ay is sufficient
in addition to the diverging angle adiv:

ay 5 arctanF~Nyy2!yd
2t G . (8)

A comparison of Eq. ~6! and Eq. ~8! shows that the
number Ny of channels in the y direction can be more
than two times as large as Nx for a given minimum
feature size.

These estimations show that, for a channel pitch of
50 mm, as many as 100 3 200 channels can be inter-
connected with the hybrid 2Fy2F imaging configura-
tion. In this estimation we used somewhat
arbitrary but realistic parameters for the smart-pixel
devices. It is straightforward to perform the same
calculation for the specifications of any of the device
arrays available nowadays. Because the achievable
diffraction angles determine the maximum size of the
image field, the channel pitch has a direct influence
on the channel capacity. Typically device arrays are
built on a 62.5- or a 125-mm grid in order to match the
channel spacing of densely packed monomode fibers.
In this case the channel capacity of the imaging con-
figuration reduces to 80 3 160 or 40 3 80 channels,
respectively.

B. System Tolerances

Important aspects of the systems design are the tol-
erances of the system with respect to the various
possible misalignment errors and deviations from the
design parameters. In the planar optical realiza-
tion, relative misalignments of the optical compo-
nents can be neglected because of the lithographic
fabrication process that yields submicrometer preci-
sion. However, substrate tolerances as well as
wavelength or temperature variations need to be con-
sidered.18 Below we compare the tolerances of the
hybrid 2Fy2F imaging system with the hybrid 4F
configuration. We consider a planar optical realiza-
tion of the system. All the optical elements are de-
signed for a specific design wavelength and
implemented as DOE’s on the surface of a glass sub-
strate.

In a planar optical system the optoelectronic de-
vices are integrated with the optical system through
hybrid bonding techniques. This technology allows
a lateral alignment precision of ;1 mm.19 Because
of the increased complexity of the incoupling DOE’s,
the sensitivity to this lateral misalignment is slightly
increased in the hybrid 2Fy2F system. This effect
can be compensated for, e.g., by use of microlens–
grating combinations instead of integration of all
functionality in a single diffractive element.

The sensitivity of the planar optical imaging sys-
tem with respect to other design parameters such as
wavelength or substrate tolerances depends on the
imaging configuration. Here the hybrid 2Fy2F con-
figuration has significant advantages over other sys-
tems. Similar imaging configurations have been
previously suggested for optical computing and opti-
cal interconnections.20,21 Figure 8 shows a hybrid
imaging system in which a telecentric three-lens sys-
tem is used for the imaging of the microlens planes
onto each other. This system is optically equivalent
to our hybrid 2Fy2F configuration. The three lens
configuration, which is used here instead of the 4F
imaging setup to image the microlens arrays, is some-

Fig. 8. Hybrid imaging configuration in which a three-lens light
pipe is used for the imaging between the planes of the microlens
arrays.
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Fig. 9. Ray-tracing simulations of the system
tolerances to variations of the design parame-
ters ~dashed line, 4F system; solid line, light-
pipe system!. The lateral shift of the beam in
the output pupil is due to ~a! wavelength de-
viations, ~b! variation of the substrate thick-
ness, ~c! wedge angle between the substrate
surfaces.
times called a light pipe. Such a configuration has
already been shown to have superior imaging behav-
ior20 compared with that of the 4F setup.

It has been pointed out before that the light-pipe
configuration implemented with holographic optical
elements and a refractive field lens is less sensitive to
chromatic errors than the 4F setup.21 Here we in-
vestigate the system tolerances specifically for the
planar optical system implemented with multilevel
DOE’s. Besides chromatic errors, we also consider
the effect of errors on the substrate specifications on
the imaging quality. Figure 9~a! shows ray-tracing
simulations of the wavelength dependence of the lat-
eral dislocations of a light beam after it passes
through a planar optical light pipe ~solid line! and a
planar optical 4F imaging configuration ~dashed
line!, respectively. Both setups were assumed to
consist of DOE’s. Clearly the influence of wave-
length detuning is much more severe for the 4F
configuration. In spite of the use of wavelength-
sensitive DOE’s the beam is only slightly shifted if a
light pipe is used for the imaging. Similar improve-
ments can be observed for the tolerance with respect
to deviations in the substrate thickness @Fig. 9~b!#
and a wedge angle between the substrate surfaces
@Fig. 9~c!#.

These diagrams show that a lack of parallelism of
the substrate surfaces is the most significant source
of beam dislocation. Nevertheless the effect can be
APPLIED OPTICS y Vol. 36, No. 20 y 10 July 1997
considerably reduced if the light-pipe imaging config-
uration is used instead of conventional 4F imaging.
With the use of fault-tolerant imaging configurations
like the hybrid 2Fy2F imaging setup, the require-
ments on the substrate quality and thus the manu-
facturing cost can be reduced significantly.

6. Hybrid 2Fy2F Imaging for Space-Variant Systems

The hybrid 2Fy2F imaging configuration can be used
for the implementation of space-variant imaging sys-
tems that are based on regular interconnects.
Figure 10, for example, illustrates how pupil division
is possible with a suitable design of the microlens
arrays. Now two lenses are aligned in plane L.
The pupil is split in the microlens plane in order to
image one half of the sources onto each of these
lenses. The advantage of this configuration com-

Fig. 10. Schematic of a hybrid 2Fy2F configuration with divided
pupil.



pared with that of the hybrid 4F setup is the fact that
the pupil plane is located in the microlens plane.
There the different channels are still separate so that
no cross talk that is due to diffractive broadening is
introduced. Together with magnification and de-
magnification this splitting of the image plane allows
the implementation of, e.g., a perfect-shuffle intercon-
nect.22

6. Conclusion

We demonstrated a modified hybrid imaging config-
uration with enhanced imaging properties. The
setup is well suited for the planar optical integration
because it requires only one imaging lens with a
small numerical aperture. This reduces aberra-
tions, which is especially important for the imaging
along an oblique optical axis. The image quality in
this configuration is constant over large image fields.
The high resolution is provided by the microlenses
that transmit only one single channel each. This
allows the optimized design of the DOE’s. Good sys-
tem tolerance is achieved by the light-pipe imaging
configuration. In a demonstration experiment we
show that 2500 parallel data channels can be imple-
mented in a planar optical system by adopting the
hybrid 2Fy2F imaging scheme. Estimations show
that this number can be increased to arrays of
O~10000! channels by use of nonsquare arrays of
channels.
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