Experimental validation of hybrid micro–macro
optical method for distortion removal in multi-chip
global free-space optical-interconnection systems
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Experimental validation of a distortion removal technique for multi-chip free-space optical shuffle interconnections is presented. The free-space fabric links dense two-dimensional arrays of vertical cavity
surface emitting laser共s兲 共VCSEL兲共s兲 and detectors and must achieve full field registration on the order
of 10 microns across the entire array. The new hybrid micro–macro optical concept realizes the required
high-registration accuracy by simultaneously eliminating distortion in each of the interleaved off-axis
imaging systems that comprise the complete fabric. This is achieved by exploiting the typically low
numerical aperture of VCSELs. Individually tailored beam-deflecting micro-optical elements were used
to create symmetry about a central aperture for VCSEL beams in the optical system. Experiments were
developed to quantify the registration accuracy, the VCSEL images, and the associated spot sizes. The
experimental results show that beam steering can be implemented to remove distortion in off-axis
free-space optical-interconnection systems. © 2002 Optical Society of America
CCIS codes: 200.4650, 200.0200, 220.3620.

1. Background兾Motivation

Smart-pixel based global free-space opticalinterconnection architectures have been proposed to
overcome interconnection limitations.1–9 Scaleable
multi-terabit interconnection fabrics may be
achieved by use of a global high bisection bandwidth
共BB兲 pattern10 to interconnect multiple optoelectronic
integrated circuits. Figure 1 depicts such a high BB
multi-chip configuration.11,12 In this configuration
each lens links the optical input兾output (I兾O) from a
single chip, located at the lens’ focal plane, to all chips
in the receiving array. Clusters of emitters, such as
vertical cavity surface emitting laser共s兲 共VCSEL兲共s兲
and detectors are imaged onto corresponding clusters
on other chips such that many point-to-point links
are established in an interleaved optical shuffle pat-
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tern across the multi-chip plane. Monolithically integrated VCSEL兾detector arrays, with emitter and
receiver elements of 10 and 50 m, respectively, and
with element-to-element spacing as small as 100 m,
have been evaluated in a prototype shuffle system.12,13 With such I兾O density and pitch, the
global optical-interconnection module must provide
flat, high-resolution, near distortion-free image
fields, across a wide range of ray angles to avoid cross
talk and maintain high link efficiency.
Although modern optical design and manufacture
techniques readily achieve high resolution, absolute
registration accuracy is more problematic. Registration accuracy is defined as the distance between the
centroid of an image of a VCSEL and its corresponding
detector. In free-space optical-interconnections registration must be maintained at a level less than the size
of the detector 共⬃50 m兲 across the entire multi-chip
plane 共⬃10 cm wide兲. Distortion in the optical system
will cause poor registration in the system. It is well
known that systems with rotational symmetry about
their optical axis and symmetry along their optical axis
about their aperture 共holosymmetric systems兲 cancel
distortion.14 –16 While the interconnection system depicted in Fig. 1 may appear to be symmetric, the aperture of the system is not at the midpoint between the
transmitting and receiving lens planes, and therefore

shown in Figure 2共b兲. The fact that this vignetting
can be corrected by deflection is possible only because
the VCSELs have narrow beam divergence. Once the
VCSEL beams have been steered through the effective
central aperture, no physical aperture is needed at this
location. This approach has been analytically shown
to cancel distortion and to reduce the overall spot
size.17
The proposed method for implementing the beam
steering is through the use of a linear diffraction
grating or prism placed above each VCSEL and detector. In this configuration, each VCSEL’s beam is
deflected by an angle that causes its beam to cross the
optical axis at the halfway point between the transmitting and receiving lenses. To maintain symmetry, and hence eliminate distortion, identical
microelements must be employed at the detector
plane as well, as depicted in Fig. 2共b兲.
2. Specification of Beam-steering Element
Fig. 1. Schematic side view of the global optical shuffle interconnection.11,12 There is one lens over each chip. Each chip communicates with every chip in the receiving array. The system is
“folded” along the dotted line using a mirror to facilitate packaging
and alignment.

the system is not holosymmetric. As depicted in Fig.
2共a兲 this asymmetry results from the surface-normal
emission of the VCSEL beams—parallel to the optical
axis. To remove distortion, the effective aperture
must be moved to the midpoint between the transmitting lens and the receiving lens. Unfortunately, placing a physical aperture at the midpoint would block or
severely vignette the narrow VCSEL beams. This vignetting can be corrected, if the VCSEL beams are
deflected to pass through the central aperture as

Fig. 2. Depiction of VCSEL beams as they pass through the
global multi-chip interconnection system. The VCSEL planes are
on the left-hand side and the detector planes are on the right-hand
side. 共a兲 Telecentric interconnection system, 共b兲 symmetric interconnect system with auxiliary microbeam deflection elements.

A proof-of-concept experiment was defined to validate
the hybrid beam-steering distortion-removal concept.
The first step was finding a candidate interconnect
lens that was suitable to demonstrate the concept.
The performance of such a lens should be distortion
limited, in that the amount of distortion present 共misregistration of the image兲 must be greater than the
overall blur size 共from the other aberrations兲. An
Edmund Scientific doublet 共ES45211兲 was selected
using an optical-design package 共OSLO兲 for preliminary evaluation of the candidates. While this lens
would more than likely prove inadequate in terms of
resolution performance for a multi-chip interconnection like the one depicted in Fig. 1, it allowed the
distortion aberration to be examined separately.
The results of the experiment also apply to welldesigned interconnection lenses.17 Next, a beamsteering grating array was specified. This was
accomplished in a ray trace program as it required
determining which steering angle was needed to
make the chief ray of the VCSEL object intersect with
the axial point of the aperture.
A chip-to-chip optical interconnection was configured in the ray-trace program. Figure 3 is a schematic picture captured from the program showing
symmetrical VCSEL beam paths achieved through
beam deflection. The distance between the transmitting and receiving lens was set at 200 mm. This
distance was chosen to mimic a typical multi-chip
interconnection module because it provides adequate
throw distance to achieve off-axis interconnections
between several chips.
Two-ray-aiming modes were utilized to analyze the
system. The first mode was telecentric-pupil mode.
In this mode a cone of rays perpendicular to the object
plane is traced—this describes how VCSELs typically
emit. The second ray-aiming mode used was wideangle mode. In this ray-aiming mode the raytracing software iteratively solves for the angle at
which the chief ray pierces the center of a userdefined aperture, and the cone of rays is centered
around this angle. By defining an aperture appro10 December 2002 兾 Vol. 41, No. 35 兾 APPLIED OPTICS
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Fig. 3. Schematic diagram of lens beam-steering validation experiment showing a symmetric ray-path for a steered VCSEL beam.

priately at the midpoint of the transmitting and receiving lenses, the user can utilize this mode to
determine the effects of beam deflection. Once the
ray cone has been steered appropriately, the user can
trace the chief ray and report its position and angle at
each surface to determine the value of the steering
angle.
Deflection angles were determined for a 5 ⫻ 5 array
of positions spaced at 250 m. The size of each individual beam-steering grating was chosen to be 250 m
to correspond to the expected VCSEL device spacings
in an eventual system. Table 1 lists the magnitude of
the steering angle for the various beam-steering elements. Without beam-steering the interconnection
setup exhibited a maximum of 10% distortion. This
means that an object point 1 mm away from the center
of the lens would be displaced 100 m—an appreciable
part of the separation between detectors. The impact
of this poor performance is shown in the distortion plot
in Fig. 4. Figure 4 is the distortion of the system for
the given lens without beam steering. The effects on
the mis-registration are most apparent at the outermost regions of the field. Figure 5 is a similar plot,
but with beam steering introduced. As expected,
there is no mis-registration present in the full field.
3. Experimental Validation

An array of diffractive gratings to achieve the beamdeflection angles shown in Table 1 was fabricated.
Figure 6 is a photograph of the array. In practice a
VCSEL would be positioned directly behind the substrate containing the grating array. While the design for each grating facet was correct, the facets
were tiled together in reverse order so that only the
gratings in the bottom row of Fig. 6 were correctly
oriented. This row was sufficient to provide preliminary experimental evaluation of the concept.
Figure 7 is a schematic of the experimental setup of
the diffractive array beam-steering experiment. The
VCSEL was first imaged onto the steering diffraction

grating array. Next, the VCSEL image was reimaged by the optical-interconnect system under inspection onto the object plane of the image-inspection
system consisting of a micro-projection lens and CCD

Fig. 4. Distortion plot of ⫾1 mm field for the candidate interconnection setup without beam steering. The x indicates the actual
location of the VCSEL image, the line connects the ideal and actual
image position.

Table 1. Magnitude of Steering Angles 关Deg兴a

Magnitude

0 m

250 m

500 m

750 m

1000 m

0 m
250 m
500 m
750 m
1000 m

0.00
1.06
2.13
3.24
4.40

1.06
1.50
2.39
3.42
4.54

2.13
2.39
3.05
3.93
4.97

3.24
3.42
3.93
4.69
5.63

4.40
4.54
4.97
5.63
6.50

a
as determined by their position in the array relative to the
center of a 2 mm ⫻ 2 mm cluster.
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Fig. 5. Distortion plot of ⫾1 mm field for the candidate interconnection setup with beam steering.

Fig. 6. Contrast-enhanced photograph of prototype diffractive
beam-steering array 共courtesy of D. Prather兾J. Mait兲. Each grating element is 250 m on a side.

camera. Figure 8 is an example of the results
achieved in these experiments. The magnitude and
direction of the change in position of the VCSEL image
共130 m兲 was in agreement with the ray-trace prediction. Although the experimental results were encouraging, totally unambiguous measurements were not
possible because the beam-steering diffractive arrays
were not directly integrated with the VCSEL arrays,
as they would be in a final system. The absolute positions of the images were therefore uncertain. It was
unclear whether registration errors were totally attributable to the optical-interconnection system under inspection, or if they were also affected by the optical
system that imaged the VCSEL array onto the diffractive beam-steering array. Another method of evaluating beam steering, that did not require the
introduction of additional optical uncertainties was
needed.
4. Physical Beam-Steering Experiment

To avoid the inherent ambiguity that stemmed from
imaging the VCSELs onto the diffractive array, the

Fig. 8. Example beam-steering correction with diffractive array:
共a兲 without beam steering, 共b兲 with beam steering.

Fig. 7. Schematic diagram of experimental setup for beam-steering validation experiment.
10 December 2002 兾 Vol. 41, No. 35 兾 APPLIED OPTICS
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Fig. 9. Schematic diagram of experimental setup. The macro lenses tested in this setup were 25 mm f兾1.2 doublets.

experimental setup was modified. In the new system a VCSEL is mechanically steered to the desired
beam-steering angle, without a grating. A schematic of this experimental setup is shown in Fig. 9.
A VCSEL array is precisely positioned on a rotation
stage such that the array is rotated around a single
vertical column of VCSELs. One VCSEL of this column is chosen to be the on-axis point of the system.
The unfolded optical system is then aligned to this
on-axis VCSEL. Figure 9 shows one transmitting
lens and two adjacent receiving lenses in the unfolded
system. The distance between the transmitting and
receiving lenses remained 200-mm. When the stage
is rotated the on-axis VCSEL remains in the same
location but its beam is steered to the left-hand side
and the right-hand side in the plane of the optical
table. Finally, a micro-stepper translation stage
with encoder was used to precisely and repeatably
displace the on-axis VCSEL from its home on-axis
position. In place of the detector array in the
receiving-lens plane was an etched alignment mask
with fiducial marks placed at 100-m steps.
This mask was in turn imaged with a large magnification onto a screen by a micro-projection objective lens. A CCD camera imaged the screen to
detect the location of the VCSEL image with respect
to the image of the fiducial marks. The magnification onto the screen thereby allowed the small features of the chrome mask to be sampled by many
CCD pixels. By translating this single VCSEL radially from the optical axis of the lens system, the
associated movement of its image in the detector
plane could be measured. The data provide a direct
estimate of the improvement in registration that results from the VCSEL beam-steering approach.
Figure 10 is a composite of 11 VCSEL images,
which were spaced 100 m apart at the input plane
as compared to 11 fiducial marks that are spaced at
100 m 关upper rows in Figs. 10共a兲 and 10共b兲兴. The
on-axis VCSEL image is located at the second fiducial
mark from the right-hand side. Figure 10共a兲 shows
the beam positions for the unsteered telecentric VCSEL positions and Fig. 10共b兲 shows the beam positions for the steered VCSEL positions. The steering
angles for the steered positions ranged from 0 共on7484
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axis兲 to 5.2 degrees 共1 mm off-axis兲. Figure 11 is a
plot of the registration error of the steered and unsteered VCSEL images along with a curve depicting
what ray-trace analysis predicts for registration errors from these lenses when the VCSELs are not
steered. The positions for the VCSEL images were
estimated to be at the midpoints between the halfpower points of the measured blur spot for the VCSEL image. As expected, and predicted in ray-trace
analysis for this macro-lens, the blur spot increases
significantly as its distance from the optical axis is
increased. Figure 12 shows how the spot width
grows as a function of off-axis distance.
Note that the spot width for the steered VCSEL
beams is reduced. While these lenses clearly do not

Fig. 10. Images of fiducial marks 共top,兲 separated by 100 m, and
composite images of translated 共in 100 m steps兲 VCSELs 共a兲
unsteered VCSEL images, 共b兲 steered VCSEL images.

Fig. 11. On-axis cluster registration error results.

Fig. 12. Spot-width as a function of position.

meet the resolution requirements for optical interconnections 共their spot sizes are much greater than
typical detector sizes兲 they are useful here to validate
the beam-steering concept. However, the data of
Fig. 10 show clearly that the steered imagery maintains much better alignment to the fiducial marks
than the unsteered, even when the spots spread due
to other off-axis aberrations. It is clear that the
steering of the beams greatly reduces registration
errors due to distortion.
Figure 13 is a composite of 20 VCSEL images,
which were spaced 200 m apart at the input 共data
for every 100 m separation was taken, but Fig. 13
depicts only every other data point for clarity兲. The
fiducial mask was again used to measure the positions of the image spots, however, the mask is difficult to see in the figure as the region of interest was
more than twice what it had been previously. The

Fig. 13. 共a兲 Unsteered VCSEL images, 共b兲 steered VCSEL images.

center two VCSEL images correspond to positions of
3.65 and 3.85 mm off-axis. Figure 13共a兲 shows the
beam positions for the unsteered telecentric VCSEL
positions and 13共b兲 shows the beam positions for the
steered VCSEL positions. The steering angles for
the steered positions ranged from 11.1 deg 共2.75 mm
off-axis兲 to 1.2 deg 共4.75 mm off-axis兲. It can be seen,
qualitatively, that the symmetry of the image shapes
in the steered-beam case is greatly improved from
that of the unsteered case. The unsteered case exhibits marked coma, which is not observed in the
steered data. This might be expected as holosymmetry in on-axis systems is known to remove coma
and lateral color as well as distortion.16 Figure 14
shows registration data for the steered and unsteered
VCSEL positions in the off-axis case depicted in Fig.
13. The data correspond to 21 positions 共spaced by
100 m兲 of the source VCSEL in the input plane.
The center VCSEL image positions correspond to an
off-axis source VCSEL distance of 3.75 mm.
5. Summary兾Conclusion

Ray-trace analysis showed that the hybrid beamdeflection approach was an effective method to remove distortion—the most stringent requirement of
high-density global optical-interconnection modules.
Experiments validated the ability of the new micro–
macro-optical interconnection concept to cancel distortion and reduce overall spot size. To achieve this,
the approach takes advantage of the narrow beam
nature of VCSELs to effect a symmetric interconnection system for each point-to-point link in the clustered global pattern without the need for any real
apertures in the system. The approach will simplify
the design of the macro elements because distortion–
correction will not be required of the macro-lens array. Reducing the complexity of the lens should
reduce the packaging and alignment complexity of
the overall system and improve light throughput efficiency. The required micro-optical elements may
be readily fabricated with established diffractive optical techniques. As these elements are simple gratings or micro prisms, the absolute alignment of such
elements is not a critical aspect of this concept. Furthermore, because resolution requirements can be relaxed by utilizing detectors larger than the VCSELs

Fig. 14. Off-axis cluster registration error results. The center VCSEL image positions correspond to off-axis source VCSEL distance of
3.75 mm. As expected, the differences in registration error is smallest for the VCSEL positions that are steered at the smallest angles
共near 4.75 mm兲.
10 December 2002 兾 Vol. 41, No. 35 兾 APPLIED OPTICS
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共50 m as opposed to 10 m兲, the design of the macrooptical elements will be significantly simplified.
The application of the concepts presented in this paper enable global optical-interconnection modules to
fully exploit the anticipated terabit兾s兾cm2 capabilities of smart pixel technology.
The authors gratefully acknowledge the contributions of Joseph Mait and Dennis Prather for the design and Jet Propulsion Laboratory for the
fabrication of the grating element. This work was
supported by Defense Advanced Research Projects
Agency through a contract with the Air Force Research Laboratory.
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