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The design, modeling, and experimental characterization of a microchannel-based free-space optical
interconnect is described. The microchannel interconnect was used to implement a representative
portion of an optical backplane that was based on field-effect transistor, self-electro-optic device smart-
pixel transceivers. Telecentric relays were used to form the optical interconnect, and two modes based
on two different optical window clusterings were implemented. The optical system design, including the
optical geometry for different degrees of clustering of windows supported by a lenslet relay and the image
mapping associated with a free-space optical system, is described. A comparison of the optical beam
properties at the device planes, including the spot size and power uniformity of the spot array, as well as
the effects of clipping and misalignment for the different operating modes, is presented. In addition, the
effects of beam clipping and misalignment for the different operating modes is presented. We show that
microchannel free-space optical interconnects based on a window-clustering scheme significantly in-
crease the connection density. A connection density of 2222 connectionsycm2 was achieved for this
prototype system with 2 3 2 window clustering. © 1997 Optical Society of America
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1. Introduction

Free-space optical interconnects have several poten-
tial advantages for implementing highly parallel net-
works with large data bandwidths.1 It has been
shown that microchannel free-space optical intercon-
nects that employ microlens arrays to relay optical
beams relieve the constraints imposed by typical con-
ventional macro-optic implementations.2 The in-
herent problems associated with the limited
numerical apertures and small fields of view of bulk
relays are not significant factors in microchannel re-
lays. In addition, the optical interconnect is unaf-
fected by the angular dependence of polarizing
beamsplitters ~PBS’s!. Thus, microchannel relays
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can be made simple and compact, with a low compo-
nent count, minimal latency, and high scalability.
Previous systems that demonstrated microchannel

free-space optical interconnects by use of emitter-
based devices have concentrated on only the imple-
mentation of optical relays in which each
microchannel supports one connection.2–4 This ap-
proach does not fully exploit the potential connection
capacity of a microchannel optical interconnect. Re-
cently, an optical backplane demonstrator based on
field-effect transistor self-electro-optic device ~FET-
SEED! smart-pixel transceiver arrays was demon-
strated.5 This system used a microchannel optical
interconnect to relay beams from a transmitter-
printed circuit board to a receiver-printed circuit
board. A window-clustering scheme in which mul-
tiple beams were relayed by a single lenslet relay was
employed in the system. The interconnect was op-
erated in two modes: In the first mode, the
2-clustered mode, a pair of optical beams represent-
ing one logical data channel were relayed through
each lenslet relay. In the second mode, the ~2 3
2!-clustered mode, eight optical beams representing
four logical channels were supported by use of a sin-
gle lenslet relay. The implementation of the
clustered-window scheme permits a high intercon-
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Fig. 1. Schematic of a unidirectional microchannel optical interconnect.
nection density and thus is attractive for free-space
optical interconnects.6,7
This paper provides a detailed description of the

design, modeling, and characterization of the optical
interconnect used in this demonstrator system. In
Section 2, we give the design of a clustered micro-
channel relay system using Gaussian beam propaga-
tion theory. The optical geometry, the degrees of
clustering of the windows supported by a lenslet re-
lay, and the image mapping associated with a micro-
channel free-space optical interconnect system are
discussed. In Section 3, we provide a general outline
of the optical system followed by a description of the
two modes of operation of the backplane demonstra-
tor. In Section 4, we characterize the key compo-
nents used in the demonstrator, including the binary
phase grating ~BPG! used for spot-array generation
and the diffractive lenslet arrays ~DLA’s! used for the
microchannel relays. In Section 5, we present and
compare the experimental performance of the optical
system when operated in both modes and also com-
pare those measurement results against the pre-
dicted performance. We conclude the paper with
comments on the performance of the two modes op-
erated in the backplane demonstrator.

2. Design of Microchannel Relays Based on Window
Clustering

A. Optical Geometry with a Window-Clustering Scheme

Figure 1 shows the design of a microchannel optical
interconnection. A simple Gaussian beam propaga-
tion model was used to analyze this interconnection
geometry. The analysis assumed the following pa-
rameters: window size of an optical device of dw 3
dw; window spacing of ds; windows centered in the
optical axis of the relay; the use of square-packed
multilevel DLA’s with apertures of DL 3 DL. Here
PTICS y Vol. 36, No. 14 y 10 May 1997
the term window is used for the aperture of the op-
tical device. In addition, the aberrations, as well as
the diffraction effects resulting from clipping the
Gaussian beam by the finite dimension of the lens-
lets, were ignored.
Previous studies of microchannel optical intercon-

nection geometries that employ microlens arrays
have typically concentrated on interconnects in
which a single optical beam is relayed along each
microchannel.2–4,8 The microchannel interconnects
described here use a window-clustering scheme in
which one lenslet relay supports multiple beams.
Figure 2 illustrates a situation in which one lenslet
supports two optical beams. It can be seen that the
signal beams are focused at a distance dy from the
center of the pixel, where dy 5 dsy2 1 dwy2. Thus,
as the interconnect is based on a telecentric relay, the
maximum geometric beam radius rd at the lenslet
facet will be given by rd 5 DLy2 2 dy. To ensure
that minimal clipping of the beam occurs as it prop-
agates through the interconnect, we must restrict the

Fig. 2. Layout of one lenslet supporting two connections.



beam radius at the lenslet array. This is important,
as clipping reduces the efficiency of the relay and can
lead to increased levels of optical cross talk.8,9 For
the purposes of this analysis the limit 3vL 5 2rd is
used, where vL is the 1ye2 Gaussian beam radius of a
signal beam at the lenslet array. This ensures that
less than 1% of the light is lost. It therefore follows
that

vL 5
1
3 @DL 2 ~ds 1 dw!#. (1)

Similarly, at the device planes we impose the restric-
tion that 3vd 5 dw, where vd is the 1ye2 Gaussian
beam radius of the focused beam. The beam radius
at the lenslet array is given by standard Gaussian
beam propagation theory:

vL 5 vdF1 1 S f l

pvd
2D2G1y2

. (2)

The relations among window size, lenslet size,
f-number of the lenslet, and the window density may
all be derived from Eqs. ~1! and ~2!.8,10
This analysis can be extended to the case in which

the windows of the neighboring optical devices can be
clustered together, and more windows can be sup-
ported by one lenslet. Figure 3 shows a case of a 4 3
4 array of clustered beams that are relayed by one
lenslet. It can be seen that, for this arrangement, rd
5 DLy2 2 @(3y2!~ds 1 dw!#. Thus, by applying the
same clipping restrictions described above, we can
calculate the corresponding dependence of connection
density ~defined as the number of connections per
square centimeter! on the window size.
Figure 4 is a plot of the connection density versus

the window size dw as a function of the window spac-
ing ds. The window arrangement is that described
in Figs. 2 and 3 for an interconnect of a focal length of
f 5 6.25 mm operating at 850 nm. This focal length
was chosen to give a device-plane separation close to
that used in current electrical backplanes ~'25 mm!.
Smaller window sizes result in Gaussian beams that
diverge more rapidly, thereby requiring a larger lens-
let facet to collect all the light. As a consequence,
the connection density initially increases with win-

Fig. 3. Layout of one lenslet supporting 4 3 4 connections.
dow size. It can be seen from the plot @Fig. 4~b!#
that, by use of a 4 3 4 clustered-window scheme, a
connection density of 4000 connectionsycm2 may be
obtained with parameters of DL 5 632 mm, ds 5 30
mm, dw 5 35 mm, and an angular field of view of 2.5°.
These results indicate that one can increase the con-
nection density significantly by clustering the win-
dows of optical devices.

B. Image Mapping

In addition to defining the interconnection scheme,
image mapping needs to be considered when design-
ing a microchannel free-space optical interconnect
based on a window-clustering scheme because of the
complexities associated with signal routing. In par-
ticular, image mapping will affect the physical layout
of the smart-pixel transceivers, which will further
influence the architecture embedded in the optical
system. In this subsection, we provide a general dis-
cussion of image mapping between the two devices.
For simplicity a matrix representation is used to

show how the signal beams propagate through the
optical interconnect. The coordinate system is cho-

Fig. 4. Connection density with different window-clustering
schemes: ~a! for window clustering as shown in Fig. 2 and ~b! for
window clustering as shown in Fig. 3.
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Fig. 5. Coordinate system for image mapping.
sen such that the z axis is always pointed in the same
direction as the beams are propagating ~therefore it
changes its direction as the beams are deviated!, and
the x–y–z axes form a right-hand Cartesian coordi-
nate system. For this analysis, the y axis is chosen
to be parallel to the reflection surface of a beam split-
ter, as shown in Fig. 5.
Standard matrix notation Bk~i, j! is used to repre-

sent the array of optical beams at position k when it
is observed along the z axis, and WD~i, j! is used to
represent the array of optical windows at device
plane D. Note that a change of the coordinate sys-
tem will affect the notation for a specific array of
beams. For instance, anM 3 N array of beams from
the array of windows WD~i, j! of an optical device is
represented as Bk~i, N 2 j 1 1! instead of Bk~i, j!, if
the same i and j are used, since the coordinate system
is changed from one in which the z axis is opposite to
the propagation direction of the optical beams at the
device plane D to one in which the z axis is along the
propagating direction of the optical beams at position
k. For convenience, the change of notation resulting
from the change of the coordinate system is also re-
garded as image mapping. In general, the permu-
tation of the signal beams with respect to the
coordinate system is as follows:

• An M 3 N array of beams B~i, j! propagating
through a telecentric relay system will be inverted to
B~M 2 i 1 1, N 2 j 1 1!, if it is assumed that the
beams are centered with respect to the optical axis.
• An M 3 N array of beams B~i, j! reflected from

a mirror will be transformed to B~i, N 2 j 1 1!, if it is
assumed that the surface of the mirror is parallel to
the y axis.

Image mapping will become more complex if a
window-clustering scheme is used to increase the
ED OPTICS y Vol. 36, No. 14 y 10 May 1997
connection density. When the clustered-beam ar-
ray is relayed by a telecentric relay, an image in-
version will occur within each group of clustered
beams supported by a lenslet relay. However,
when the beam array is reflected by a mirror ~or
when the coordinate system is changed!, image
mapping occurs across the entire array of beams.
For example, Fig. 6 shows an optical interconnec-
tion system consisting of two, 2 3 2 lenslet arrays
with each lenslet supporting 4 3 4 clusters of win-
dows. The optical windows at the transmitter
plane can be represented as WT~i, j!. Because of
the change in the coordinate system from one in
which the z axis is opposite to the propagation di-
rection of the optical beams to one in which the z
axis is along the direction of signal-beam propaga-
tion, the beam array leaving the transmitter array
will be written as BT @i, 2~4 2 j! 1 1# if the same
index ~i, j! is used. However, on the receiver side,
there is no change in the coordinate system; there-
fore there is no need to change the notation in the
matrices BR~k, l ! andWR~k, l !. It is noted that the
image mapping of each group of 4 3 4 beams is
relative to the optical axis of the lenslet relay that
supports the 4 3 4 beams. There is no image map-
ping between the groups. By applying the map-
ping rule for a telecentric relay to each group, we
can express the image mapping between the beams
BT @i, 2~4 2 j! 1 1# and BR~k, l ! as

k 5 H4 2 i 1 1
13 2 i

i # 4
4 , i # 8,

l 5 H4 1 j
j 2 4

j # 4
4 , j # 8 . (3)

Therefore, the optical beams from windowsWT~i, j! of
the transmitter array are mapped into the windows



Fig. 6. Optical layout for image mapping between the beams from clustered transceiver arrays.
WR~k, l ! of the receiver array according to the rela-
tions in Eqs. ~3!.
Imaging mapping is important not only with re-

spect to the design of an optical interconnect but also
for laying out smart-pixel transceivers. In Section 3
we present a description of a system built using a
window-clustering scheme.
3. Microchannel Optical System for a Backplane
Demonstrator

Figure 7 is a schematic of a microchannel free-space
optical backplane system that employed DLA’s and
FET-SEED smart-pixel transceiver arrays. Figure
8 is a photograph of the system. The design of the
Fig. 7. Schematic of the optical system used in the backplane demonstrator. PCB 1 and PCB 2 are the print circuit boards where the
FET-SEED transmitter and FET-SEED receiver were mounted, respectively.
10 May 1997 y Vol. 36, No. 14 y APPLIED OPTICS 3131
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Fig. 8. Photograph of the demonstrator system.
optical system was divided into three discrete sub-
systems: the optical power supply, which generated
an array of beams at the power plane; the microchan-
nel optical interconnect system, which relayed the
optical beams from the power plane to the transmit-
ter plane and the subsequently modulated signal
beams to the receiver plane; and the illumination and
imaging system, which provided a direct way to mon-
itor the system during assembly. In this section we
present a description of the design of these sub-
systems.
In the optical power-supply subsystem, 850-nm

light from a Ti:Sapphire laser was coupled into a
polarization-maintaining single-mode fiber. The
output beam from the fiber was collimated by use of
a 10.41-mm focal length doublet lens. The colli-
mated beam was then diffracted by a BPG and fo-
cused by a 40.34-mm focal length doublet lens to form
an 8 3 4 spot array at the power plane, as shown in
Fig. 9. The pitch of the spot pairs was 200 mm and
the separation of the spots in a pair was 50 mm. A
half-wave plate was used to ensure the optical beams
from the optical power supply were s polarized.
Risley steerers were used to achieve fine positioning
of the optical beams.
In the illumination and imaging subsystem, the

illuminating beam was produced by a 865-nm light-
emitting diode ~LED! and was directed into the opti-
cal system bymeans of a beam splitter ~BS!, as shown
in Fig. 7. The illuminating beam followed the same
optical path as the signal beam and illuminated the
transmitter and receiver planes. A CCD camera
APPLIED OPTICS y Vol. 36, No. 14 y 10 May 1997
was used to capture the images of the signal spot
arrays on the transceiver devices at these two planes.
In themicrochannel optical interconnect subsystem,

the optical interconnects were built by use of three,
eight-phase-level DLA’s that formed two telecentric

Fig. 9. Spot array generated at the power plane. The optical
beams in the solid-line boxes were used for the interconnection in
the 2-clustered mode, and the beams in the dashed-line box were
used for the ~2 3 2!-clustered mode.



Fig. 10. Schematic of the 2-clustered mode in which optical beams were relayed from the power plane to the transmitter plane.
optical relays, as shown in Fig. 1. The first telecen-
tric optical relay was set up between the power plane
and the transmitter plane by use of lenslet arrays
LA1 and LA2. The second telecentric relay was set
up between the transmitter plane and the receiver
plane by use of lenslet arrays LA2 and LA3. The
center-to-center distance of the lenslets in the DLA’s
was 600 mm, and the focal length of the lenslets was
6.5 mm. The PBS and quarter-wave plate ~QWP!
assembly ~PBS1QWP!was used to direct the optical
beams from the power plane to the transmitter plane
and then to route the modulated signal beams from
the transmitter plane to the receiver plane. The
FET-SEED transceiver chips consisted of an individ-
ually addressable 4 3 4 transmitter array and an
individually addressable 4 3 4 receiver array. The
FET-SEED’s were configured to operate in a differ-
ential logic mode, thus requiring a dual-rail optical
encoding scheme for data transmission. Therefore,
each transmitter and receiver was constructed with
two SEED devices. Each SEED window was 25
mm 3 25 mm, and the gap between windows was 25
mm. The pitch of the window pairs in the transmit-
ter and the receiver arrays was 200 mm in both the
horizontal and vertical directions.11,12
On the basis of the pitch of the DLA’s ~600 mm! and

the FET-SEED transceivers ~200 mm!, the prototype
system was designed to operate in the 2-clustered
mode, as shown in Fig. 10. Here, the four corner
transmitters were optically connected to the four cor-
ner receivers, and each lenslet relay supported two
optical beams or one logical channel. The criteria
for clipping in this design, however, was set at 2.6v0
5 dw for the Gaussian beam on a device window and
3vL 5 2rd for the Gaussian beam on a lenslet facet.
The Gaussian beam spot size on the device plane was
calculated to be 9.6 mm.
In addition to the above mode and because the

device array pitch was smaller than the lenslet array
pitch, it was possible to have the optical system op-
erate in a ~2 3 2!-clustered mode. A 2 3 2 subset of
transceivers were optically connected. Each lenslet
relay, in this case, supported eight optical beams
forming four logical channels. In the remaining
part of this section, we describe in detail the calcu-
lated performances of both of these modes of opera-
tion of the system.

A. 2-Clustered Mode

Starting from the fiber output, the mode-field diam-
eter of the single-mode fiber at 850 nmwas measured
to be 5.0 mm. Assuming the output beam from the
single-mode fiber was a Gaussian beam, the focused
spot size ~1ye2 beam diameter! of the spot array at the
power array was calculated to be 19.4 mm by use of
the ABCD law. Since the lenslet relays from the
power plane to the transmitter plane and the trans-
mitter plane to the receiver plane were both in a 4f
configuration, the Gaussian beam spot sizes were
theoretically identical at both the transmitter and
receiver planes. The effective aperture of each len-
slet was 3.26 times larger than the Gaussian beam
diameter on the facet of the lenslet, therefore diffrac-
tion effects caused by a finite aperture were neglect-
ed.12,15,16
In addition to Gaussian beam propagation theory,

ray tracing was also used to estimate the geometric
aberrations of the optical system to determine the
focal lengths and the apertures of the lenses used in
the system and to optimize the locations of the optical
components. Ray tracing was performed by use of a

Fig. 11. Geometrical spot diagram at the power plane.
10 May 1997 y Vol. 36, No. 14 y APPLIED OPTICS 3133



commercial ray-tracing program—OSLO SIX—from
Sinclair Optics. For simplifying the ray-tracing pro-
cess, the BPG was modeled as a grating in which the
pitch and order were matched to the spatial order of
the array of spots at the power plane. The diffrac-
tive lenslet was modeled as a very-high-index thin
lens by use of Sweatt’s hologram model.15,16 For
simulating the Gaussian beam propagation in the
optical system when performing a ray trace, the
Gaussian apodized pupil function was used to weight
the rays. As is shown in Fig. 10, only the spot pairs
close to the optical axis of each lenslet were relayed to
the active windows on the device planes without be-
ing clipped by the lenslets. Since these spot pairs
were close to the optical axis, the geometric aberra-
tions were negligible. The remaining spot pairs
from the BPGwere severely clipped and aberrated by
the lenslet array because they were well off axis.
However, as the interconnect was not designed to
route those beams, they are not further discussed in
this paper. Figure 11 shows a geometric spot dia-
gram at the power plane. The overall spot sizes at
the transmitter and receiver planes were calculated
by use of Gaussian beam theory. The rms spot size
was approximately 1.7 mm; therefore, the overall spot
size, to a first approximation, was ~1.72 1 19.42!1y2 5
19.5 mm.
The optical system was designed for maximum op-

tical power throughput between transmitter and re-
ceiver arrays. The optical power throughput h for a
Gaussian beam passing through a square aperture
can be expressed as

h 5
1
4 HerfFÎ2v Sa22 dxDG1 erfFÎ2v Sa21 dxDGJ
3 HerfFÎ2v Sb22 dyDG1 erfFÎ2v Sb21 dyDGJ , (4)

where a and b are the dimensions of the aperture, dx
and dy are the offsets of the beam waist to the center
of the aperture, v is the beamwaist on the facet of the
lenslet, and erf is the error function, defined as

erf~x! 5
2

Î2 *
0

x

e2t2dt. (5)

With this formula, the overall power throughput can
be calculated as the beam propagates through the
system. When all the components in the system
were perfectly aligned, the power loss that is due to
clipping from the lenslets and the device windows
was estimated to be 8%.
Figure 12 shows the optical power budget for the

microchannel optical system. The power budget did
not include the power loss resulting from misalign-
ment, clipping effects, or aberrations in the system.
It considers only the reflection losses of the optical
components and efficiencies of the diffractive compo-
nents. It can be seen that the largest power loss
within the system was due to the low reflectivity of
3134 APPLIED OPTICS y Vol. 36, No. 14 y 10 May 1997
the multiple-quantum-well transmitter devices ~only
30% for the low absorption state and 15% for the high
absorption state!.
The allowable alignment tolerance was estimated

on the basis of the on-axis Gaussian beam propaga-
tion theory. Table 1 shows the alignment tolerances
for the 2-clustered mode. The mechanical toler-
ances for each optical component were obtained for a
specific misalignment by calculation of the maximum
allowable displacement required to produce a 5%
drop in power throughput. Hence, the total allow-
able loss resulting from themaximum offsets of all six
optical parameters was 30%. Here the combined ef-
fects of these offsets were not included. It should be
noted that the maximum allowable rotation for the
device planes will be drastically reduced if the size of
the transceiver is increased. Although the esti-
mated alignment tolerance did not include aberra-
tions and diffraction effects ~caused by the finite
dimension of the lenslets!, it provided a guideline for
the alignment accuracy of the optical system. The
relatively large allowable misalignments associated
with the separation between the lenslet arrays and

Fig. 12. Optical power budget for the microchannel optical sys-
tem operated in the 2-clustered mode.

Table 1. Alignment Tolerance for the 2-Clustered Mode

Parameters
Allowable

Misalignment

Source
Spot separation 60.25%
Lateral Position 65 mm
Wavelength 61 nm

Lenslet array
Lateral offset 610 mm
Longitudinal
offset

625 mm

Tilt and rotation 62°
Devices
Lateral offset 61 mm
Longitudinal
offset

625 mm

Tilt and rotation 60.25°



Fig. 13. Schematic of the ~2 3 2!-clustered mode in which optical beams were relayed from the power plane to the transmitter plane.
the device planes were due to the large f-number of
the lenslets ~.fy10! used in the optical system.
However, it was observed that the efficiency was far
less dependent on the misalignment of the lenslets
than that of the device planes.

B. ~2 3 2!-Clustered Mode

Although the prototype optical system was primarily
designed to operate in the 2-clustered mode, it could
also be operated in the ~2 3 2!-clustered mode be-
cause the device array pitch was smaller than the
lenslet array pitch. It was noted, however, that the
optical performance was degraded accordingly since
the optical system was not optimized to operate in
this mode. Figure 13 shows the ~2 3 2!-clustered
mode for the optical relay from the power plane to the
transmitter plane, in which one lenslet supported
eight optical beams representing four data channels
~as shown within the dashed-line box in Fig. 9!.
The same type of relay was used to interconnect the

modulated beams from the transmitter plane to the
receiver plane. It can be seen that each spot from
the power array plane was altered not only by the
diffraction effects of a finite dimension of the lenslet
but also by the aberrations arising from the off-axis
locations of the spot array. The 1ye2 beam radius on
the lenslet was approximately 184 mm, thus the clip-
ping ratio ~defined as the effective aperture divided by
2 times the beam waist! was only 2.2. As a result of
this low clipping ratio, significant diffraction occurred
as the beam propagated; this altered the beam char-
acteristics, hence the weak clipping approximation
for the Gaussian beamwas no longer valid.17 There-
fore, an analysis based on rigorous diffraction theory
would be necessary, but is not presented in this paper
because of the considerable modeling required for a
very specific system. It was also noted that the dif-
fraction effects caused optical cross talk between the
channels, and thus the data rate for each channel had
to be reduced to maintain the same quality signal as
the 2-clustered window interconnect.
For estimating the alignment tolerance of the ~2 3
2!-clustered mode with respect to the 2-clustered
mode, the Gaussian beam propagation model was
assumed valid, even though the clipping ratio was
2.2. This was done to allow some measure of the
performance to be obtained analytically without the
need for enormous amounts of computation. Dif-
fraction effects were neglected, and the optical beams
were assumed to remain Gaussian. The alignment-
tolerance analysis for the clustered mode was similar
to that of the 2-clustered mode because both optical
systems consisted of telecentric relays. The main
difference was that the maximum power throughput
was reduced to 50.0% with respect to the 2-clustered
mode as a result of the large clipping losses that
occurred when the beams passed through the lens-
lets.
Because the ~2 3 2!-clustered beams were signifi-

cantly off axis, some of the maximum misalignment
tolerances had to be reduced. These were calculated
in a manner similar to that of the 2-clustered mode.
For instance, the lateral offset of the optical spots at
the power plane had to be within 63.5 mm, and the
tilt angle of the incident beams at the power plane
had to be less than 0.2°. It was also found that
rotation of the microlens arrays with respect to each
other caused a very significant power loss arising
from clipping. As a result, the rotational offset of the
lenslet arrays had to be controlled to within 61.5°.
When diffraction effects were taken into account,

the maximum allowable misalignment of the compo-
nents became even smaller because, when the Gauss-
ian beam was diffracted, it focused to a spot that was
closer to the lens and diverged a greater rate,18 as
shown in Fig. 14. Thus, the second lens in the relay
received even less light than expected, and an addi-
tional power loss resulted.
The geometric spot size estimated by ray tracing in

the clustered mode did not increase significantly.
This may result from the limitation of the hologram
model for the diffractive lenslets. A more rigorous
model that takes into account the off-axis aberrations
10 May 1997 y Vol. 36, No. 14 y APPLIED OPTICS 3135



of the diffractive lens is required for a more detailed
analysis.
Since the prototype optical system was not opti-

mized for operation in the ~2 3 2!-clustered mode, the
optical performance did not prove to be good. It can
be shown, however, that an optical system that em-
ploys a window-clustering scheme has advantages of
not only high connection density7 but also improved
alignment tolerance. The optimal design of the op-
tical interconnect results from the trade-off between
the connection density and the maximum data rate
for each connection.

4. Optical Performance of Diffractive Optics

The optical interconnect was constructed by use of
two custom diffractive optical components, a BPG,
and three, eight-phase-level diffractive lenslet arrays.
In this section, we describe the design and associated
performance of these components.

A. Binary Phase Grating

The periodical structure of the BPG used in the sys-
tem was a nonseparable type19 that was optimized by
use of a simulated annealing algorithm.20 The pe-
riod was 1.37 mm in both the x and y directions and
contained 128 3 128 pixels. Note that, as only two
quantization levels were used, the inherent efficiency
for the fan-out grating was low. In addition, antire-
flection ~AR! coatings were not used, which accounted
for an additional 7.8% of reflection loss.
The number of periods on the BPG that are sam-

pled, or illuminated, by the input collimated beam
affects the power uniformity of the spot array gener-
ated at the power plane. The number of the periods
sampled, NPS, is defined as NPS 5 2vBPGyP. Here

Fig. 14. Schematic of the “pull” effect for the beamwaist when the
diffraction effects resulting from clipping were taken into account.
~a!Off-axis Gaussian beamwithout diffraction effects. ~b!Off-axis
Gaussian beam with diffraction effects, showing a minimum spot
size closer to the first lens.
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vBPG is the Gaussian beam waist on the BPG and P
is the period in the BPG. As the NPS is reduced, the
uniformity degenerates. Another common parame-
ter used to describe the NPS is the compression ratio,
CR, defined as CR 5 Sy3vpwr. Here S is the mini-
mum spot separation at the power plane and vpwr is
the spot size at the power plane. According to stan-
dard Gaussian beam propagation theory, we have

vpwr 5
fl

pvBPG
. (6)

Here f is the focal length of the focusing lens. The
relation between the spot separation at the power
plane S and the period in the BPG P is21

S 5
2fl
P

. (7)

The factor of 2 in Eq. ~7! is due to the fact that only
even-numbered spots were generated by the BPG.
From Eqs. ~6! and ~7! and the definitions of NPS and
CR, the relation between CR and NPS can be found
as

CR 5
p

3
NPS. (8)

For an optical interconnect system with good power
uniformity, it was believed that CR . 3 ~NPS 5 2.86!
would be required to reduce the nonuniformity re-
sulting from aliasing.22 Table 2 shows the mea-
sured power uniformity for three cases of sampling.
The power uniformity was calculated by use of 1 2
~Pmax 2 Pmin!yPave. Here, Pmax, Pmin, and Pave were
the maximum, minimum, and average powers, re-
spectively, of the spots of the array produced by the
BPG. In our optical system, the NPS of 1.7 ~CR 5
1.78! provided a reasonably uniform spot array
~86.3%! at the power plane. It is very important to
determine the smallest NPS for a desired power uni-
formity for a given optical system. A small NPS
corresponds to a small beam diameter, which reduces
some of the constraints on the optical components
used in the system. For example, the required field
of view of the lenses in the system can be reduced.
Therefore the optical system can use cheap and sim-
ple components, and the system can be compact. It
was noted that the spot uniformity also depended
strongly on the incident-beam properties. Poor
beam collimation or a collimated beam incident at
small angle with respect to the grating strongly af-
fected the power uniformity of the spot array at the
power plane. Different optimization processes may
also affect the power uniformity.

Table 2. Spot Power Uniformity of the BFG versus the NPS

NPS

1.7 4.1 6.5

Uniformity 86.3% 92.5% 94.0%



The power efficiency for a value of NPS 5 6.5 was
measured to be 67.4%. This result was obtained by
summation of the powers of the individual spots gen-
erated and division of the power of the incident opti-
cal beam. Considering the optical power loss that is
due to the reflection of the glass substrate of the BPG,
the diffraction efficiency of the BPG was calculated to
be 73%.

B. Diffractive Lenslet Arrays

The eight-phase-level square diffractive lenslet ar-
rays were fabricated on a fused silica substrate with
a designed focal length of 6.5 mm and a pitch of 600
mm. There was an AR coating on the back surface of
the etched substrate. The f-number was 10.8 ~de-
fined as the focal length divided by the diameter of
the largest circle inscribed within the square lenslet!.
The theoretical diffraction efficiency is 95.0% for an
eight-phase-level diffractive lenslet.23 Measure-
ments showed that the lenslet array was diffraction
limited and had a total power efficiency, defined as
the optical power of the first-order diffracted beam
divided by the power of the incident beam, of 90.0%.
Taking the reflection loss ~4%! at the front surface ~no
AR coating! of the lenslet into account, the diffraction
efficiency of the lenslet array was calculated to be
93.7%, which is close to the theoretical limit. Since
the lenslet had a large f-number, it was insensitive to
variation in the incident-beam angle. For an inci-
dent angle within 66° of the normal, the diffraction
efficiency was within 98% of the maximum efficiency.
The focal length across the lenslet array was mea-
sured to be 6.510 mm 6 13 mm. The variation of the
focal length was due to the uncertainty in measuring
the focal positions, because the lenslets were very
slow thus the depth of focus was long.

5. Optical System Characterization

In this section, we describe the performance of the
complete optical interconnect and compare the mea-
sured results to the predicted performance. As is
shown in Fig. 8, the optical system was constructed
on amagnetized slotted baseplate to reducemisalign-
ment and drift.24 With reference to Fig. 7, the opti-
cal fiber, collimating lens, half-wave plate, Risley
beam-steering prisms, and focusing lens were
mounted in standard 1-in.-diameter holders and pre-
aligned to within 610 mm of the optical axis. The
PBS 1 QWP assembly was aligned in the baseplate
by use of a pedestal arrangement, with which the tilt
and rotation were controlled to better than 60.2°
with respect to the optical axis. LA1 was mounted
in a single holder 6.5 mm from the power plane
~where the initial spot array was generated!. LA2
and LA3 were mounted in a custom-designed opto-
mechanical steel bracket that could mechanically
hold both lenslet arrays parallel to each other but
positioned such that they were on opposite sides of
the PBS. The separation error between LA2 and
LA3 was controlled to within 650 mm, and the cen-
ters of the lenslet arrays were positioned to within65
mm with respect to the optical axis. The relative
rotation of the LA3 with respect to LA2 was mea-
sured to be less than 1°.
The characterization of the optical system was per-

formed at the three locations at which the signal
beams were focused. These were the power plane,
the transmitter plane, and the receiver plane. For
this application, the main concern was the optical
power incident on the transceivers. The quality of
the optical beams at these points in the relay was of
less concern as long as the largest percentage of
power was incident on the transceiver. This crite-
rion differed from conventional optical system char-
acterization in which standard characterizations
such as the modulation transfer function of the opti-
cal system are required. In this system, the spot
sizes and spot uniformity, as well as power levels, of
the spots at the above three planes were of primary
concern. Spot-size measurements were carried out
with a high-resolution CCD camera that was cali-
brated by a scanning-slit beam profiler having a mea-
surement accuracy of 0.01 mm. In addition, the
automatic gain control of the CCD camera was not
used so that the exact relative powers could be mea-
sured. Finally, the glass cover plate in front of the
CCD sensor chip was removed to avoid the effects of
the multiple reflections caused by this component.

A. Spot Array at the Power Plane

The collimated beam diameter ~1ye2 diameter, as-
suming a Gaussian profile! at the position of the BPG
was measured to be 2.25 mm and had a 97% fit to an
ideal Gaussian beam; therefore, the number of peri-
ods of the BPG sampled was approximately 1.66.
The small number of periods sampled and the finite
size of the individual pixels on the BPG caused power
variations across the spot array. However, the
small diameter of the incident collimating beam also
reduced the constraints of the optical components,
such as the fields of view of the lenses used in the
system. The power uniformity across the entire 32-
spot array was measured to be approximately 86.3%.
For the spots in the 2-clusteredmode ~the spots in the
solid-line boxes in Fig. 9!, the power uniformity was
measured to be 94%, whereas for the spots in the ~23
2!-clustered mode ~the eight spots in the dashed-line
box in Fig. 9! the power uniformity dropped to 87%.
The difference in uniformitymay have been caused by
the diffraction pattern of the individual pixels in the
BPG. Since each pixel followed the sinc2 function
for its diffraction pattern, the middle of the sinc2 in-
tensity modulated the entire output spot pattern,
causing it to roll off toward the edges by a few percent.
The spot separations were obtained with a CCD

camera that was calibrated with a high-resolution
Ronchi reticle. The measurements showed that the
average separation between the spot pairs was
50.5 6 0.1 mm and the pitch of the spot pairs was
203.1 6 0.8 mm. The pitch of the spot array was
determined by the focal length of the focusing lens
and the period of the BPG. If we assume that the
period of the BPG is exact, then the focal length of the
Fourier lens can be found according to Eq. ~5!. From
10 May 1997 y Vol. 36, No. 14 y APPLIED OPTICS 3137



Fig. 15. Optical spots at the transmitter plane for the 2-clusteredmode: ~a! spot pattern and ~b! 3-D plot of the upper-left portion of spots.
these measurements the focal length of the focusing
lens was estimated at 40.73 6 0.08 mm. The error
in focal length was approximately 0.7%, which was
not within the specified tolerance for this system.
Normally the specified focal-length error of off-the-
shelf lenses is within 2%; thus, to have an exact focal
length with commercial lenses, we combined a pair of
lenses in a Petzval mode. For two lenses with focal
lengths f1 and f2 the combined focal length can be
expressed as f 5 f1 f2y(f1 1 f2 2 dHb12Hf2), where
dHb12Hf2 is the distance between the back principal
point of the first lens and front principal point of the
second lens. By adjusting the separation between
the two lenses, one can achieve an accurate focal
length, hence the correct spot separation. The spot
size on the power plane was measured to be 19.8 6
0.3 mm, which was slightly larger than the design
value of 19.5 mm. This may have been due to the
difference between the ideal Gaussian beam and the
real optical beam, as well as the misalignment in the
optical power supply.

B. Spot Array at the Transmitter Plane

Figure 15~a! shows the spot pattern of the 2-clustered
mode at the transmitter plane, and Fig. 15~b! shows
a three-dimensional ~3-D! plot of the upper-left por-
tion of the spot array. The power uniformity at the
transmitter plane was 94%. It can be seen from Fig.
15~b! that the intensity of the clipped beams was
much lower ~by at least 0.38 dB! than that of those in
the center. The farther the spots were from the op-
tical axis, the stronger the clipping effects and aber-
rations, and the less the amount of optical power that
reached the device planes. Figure 16~a! shows the
spot pattern of the ~2 3 2!-clustered mode at the
transmitter plane, and Fig. 16~b! shows the 3-D plot
of the ~2 3 2!-clustered spots. It was noted that the
3138 APPLIED OPTICS y Vol. 36, No. 14 y 10 May 1997
spot patterns of Figs. 16 were different from that of
Fig. 13. This was due to an additional image map-
ping by the reflection surface of the PBS 1 QWP, as
was discussed in Section 2. The uniformity of the
~23 2!-clustered spots was 72%. The degradation of
the power uniformity in the ~2 3 2!-clustered mode
was caused by the combined effects of the nonunifor-
mity of the spot array in the power plane and the
strong diffraction effects introduced by the lenslet ar-
rays.
The spot size on the transmitter plane was mea-

sured to be 19.8 6 0.6 mm for the 2-clustered mode.
The variation in the spot size in the 2-clustered mode
was small, and the sizes of the spots were only
slightly enlarged compared with the spot sizes at the
power plane. In contrast, the average spot size was
22.6 mm for the ~2 3 2!-clustered mode, approxi-
mately a 2.8-mm increase compared with the spots at
the power plane. This enlargement of the spot size
was due to the combined clipping effect and misalign-
ment. Table 3 shows the spot sizes for the ~2 3
2!-clustered spot array in the transmitter plane.
The uniformity of the spot size was 88.9%. These
measurements showed that clipping effects and mis-
alignment not only reduced the power efficiency and
power uniformity of the spots across the array but
also increased the spot sizes and variation of the spot
sizes across the array. Moreover, the spots on the
transmitter plane showed strong astigmatism.

C. Spot Array at the Receiver Plane

Initially, we measured the spot array at the receiver
plane by replacing the transmitter array with a mir-
ror that had R . 96% reflectivity. This was done to
quantify accurately the interconnect independently
of the transceiver technology. Figure 17 shows the
optical spots on the receiver plane for the 2-clustered



Fig. 16. Optical spots at the transmitter plane for the ~2 3 2!-clustered mode: ~a! spot pattern and ~b! 3-D plot of the ~2 3 2!-clustered
spots shown in the box.
mode. Because of accumulated clipping effects and
misalignment in the optical system, the power uni-
formity of the spots in the 2-clustered mode degraded
to 85.3%. In the ~2 3 2!-clustered mode, the optical

Table 3. Spot Size for the ~2 3 2!-Clustered Mode at the Transmitter
Plane

Row

Spot Size ~mm!

Column 1 Column 2

1 24.1 21.8
22.2 22.0

2 22.3 21.6
22.4 23.5
beams were further deteriorated by the combined ef-
fects of clipping, misalignment, and aberrations, and
the power uniformity of the spots on the receiver
plane was significantly degraded. Figure 18 shows
the optical spots on the receiver plane for the ~2 3
2!-clustered mode, where the power uniformity was
48.0%.
The average spot size in the 2-clustered mode was

19.9 mm. This represented a slight increase com-
pared with the spots at the power plane and trans-
mitter plane. The uniformity of the spot size was
measured to be 86.9%. Table 4 shows the measured
spot sizes for the 2-clustered mode. The average
spot size of the ~2 3 2!-clustered spots was increased
to 24.2 mm, and the spot-size uniformity was found to
Fig. 17. Optical spots at the receiver plane for the 2-clustered mode: ~a! spot pattern and ~b! 3-D plot of the upper-left portion of spots.
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Fig. 18. Optical spots at the receiver plane for the ~2 3 2!-clustered mode: ~a! spot pattern and ~b! 3-D plot of the ~2 3 2!-clustered spots
shown in the box.
be 85.1%. In addition, the spots in the ~2 3 2!-
clusteredmode showed strong astigmatism. Table 5
shows the measured spot sizes for the ~2 3 2!-
clustered mode.
Measurements were also performed by use of the

FET-SEED transmitter array. It was found that the
spots reflected from the active windows of a trans-
mitter array had larger spot sizes. The spot size
increased by approximately 18%. Moreover, the
power and the spot size of the spot array reflected
from a mirror at the transmitter plane were more
uniform than those reflected from the transmitter
windows. This was due in part to the lack of unifor-
mity measured in the transmitter array.8 In addi-
tion, the spots reflected from the mirror showed less
astigmatism than did those from the transmitter
windows. These results were caused by the clipping

Table 4. Spot Size for the 2-Clustered Mode at the Receiver Plane

Row

Spot Size ~mm!

Column 1 Column 2

1 20.2 18.7
20.9 20.9

2 19.7 20.3
18.3 20.1

Table 5. Spot Size for the ~2 3 2!-Clustered Mode at the Receiver
Plane

Row

Spot Size ~mm!

Column 1 Column 2

1 25.1 25.4
23.2 24.8

2 23.4 22.4
23.0 21.9
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effects of the optical beams entering and exiting ac-
tive windows, which had finite dimensions.
Finally, themagnification of the optical systemwas

determined by measurement of the spot separations
in the transmitter plane and receiver plane and com-
parison with the spot separation in the power plane.
In both cases the measured separations were very
close; thus the optical system had an almost 1:1 mag-
nification.
The overall system performance was characterized

by the data rates of connection channels. In the
2-clustered mode, data rates of 100 Mbitsys on each
individual channel were achieved, and there was no
significant optical cross talk when the system oper-
ated in this mode. In the ~23 2!-clusteredmode, the
data rates for each channel were 25 Mbitsys. The
lower data rates were due to the degradation of the
quality of the optical beams at both the transmitter
and receiver planes, since the optical system was not
optimized to operate in this mode. The correspond-
ing connection densities were 555 connectionsycm2

~277 channelsycm2! for the 2-clustered mode and
2222 connectionsycm2 ~1111 channelsycm2! for the
~2 3 2!-clustered mode, respectively. The signifi-
cant increase of the connection density with window
clustering provides a method for scaleability of free-
space interconnects at the backplane level of an in-
terconnection hierarchy.

6. Conclusions

We have described the design and performance of a
window-clustering microchannel free-space optical
interconnect intended for optical backplane applica-
tions. The optical design, based on Gaussian beam
propagation theory, was presented. Image mapping
associated with a free-space optical interconnect was
discussed. The prototype optical system was pri-
marily designed to operate in the 2-clustered window
mode but was also able to operate in the ~2 3 2!-



clustered modes. In the 2-clustered window mode,
the optical system achieved a date rate of 100Mbitsys
per channel. In the ~2 3 2!-clustered mode, each
data channel operated at 25 Mbitsys. Although the
optical system was not optimized to operate in the
~2 3 2!-clustered mode, it demonstrated that an op-
tical system that applys a window-clustering scheme
can have high channel density.
Optical system characterization for both modes of

operation was performed and compared. In contrast
to the general belief that it is necessary to sample a
minimum of 2.15 periods for a BPG to have a good
power uniformity across the array, sampling 1.66 pe-
riods in this prototype system provided a reasonably
uniform spot array. The degradation of the data
rate for each channel in the ~2 3 2!-clustered mode
was due to large clipping effects at the lenslets. The
optimal system design for an optical interconnect re-
quires a trade-off between channel density and the
data rate of each individual channel. Further study
should include developing a rigorous theory for the
alignment tolerance of off-axis, strongly clipped, op-
tical beams and an optimal optical system design that
uses a better window-clustering scheme to realize a
maximum overall data rate.
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