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array generator for a modulator-based
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The design and the implementation of a modular spot-array generator for a modulator-based free-space
optical interconnect is presented. Two cascaded diffractive optical elements produce 4 X 8 clusters on
a 1600 pm X 800 wm pitch, where each cluster is a 4 X 4 array of (1/e?) 13.1-pm-radius spots on a 90-pm
pitch. The spot-array generator is kinematically aligned to the interconnect system such that no

realignment is necessary between removal and reinsertion.
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Characterization results are presented.

OCIS codes: 200.2610, 200.4650, 050.0050.

1. Introduction

Two-dimensional (2-D) free-space optical intercon-
nects represent a possible solution for alleviating
some of the interconnection bottlenecks currently ex-
perienced by high-performance electronic systems.?
The two most widely investigated optoelectronic
technologies for free-space optical data transmis-
sion are arrays of multiple-quantum-well (MQW)
modulators and of vertical-cavity surface-emitting
lasers2-4 (VCSEL’s). VCSEL’s have many interest-
ing optical characteristics,¢ and significant progress
in their development such as their integration with
complementary metal-oxide semiconductor (CMOS)
technology has recently been achieved.” However,
the design of compact optical interconnects that pos-
sess a large number of optical channels would require
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large arrays (>32 X 32) of single-mode VCSEL’s dem-
onstrating both good uniformity and stability that are
hybridized to CMOS integrated circuits. At the time
the research reported here was conducted such de-
vices were not yet available. Furthermore, the
threshold uniformity and the thermal management
of large VCSEL arrays remains a challenge.

In contrast, large arrays of MQW modulator de-
vices flip-chip bonded to CMOS’s with excellent char-
acteristics have already been demonstrated.® This
proven technology has been employed by many
research groups for the realization of free-space op-
tical interconnects.®-11 Recently, a modulator-
based free-space optical interconnect was developed
for optical backplane applications.’2 The system
uses a minichannel-based interconnection scheme!3
in which a telecentric lenslet arrangement allows
multiple signal beams to be relayed through each
minichannel. A clustered-window geometry in
which optoelectronic devices are physically grouped
in a 4 X 4 matrix about the axis of each minichannel
is employed. There are 8 X 8 minichannels of such
4 X 4 clusters, which results in a system with 1024
optical channels. Modulator-based systems require
that the modulators be illuminated with a 2-D array
of uniform cw readout beams. This requirement
motivates the need to develop a suitable spot-array
generator. In this paper the design and the imple-
mentation of an array generator for such a clustered
optical interconnect is described.
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Fig. 1. Schematic diagram of the spot-array generator.

Although numerous techniques exist for generat-
ing spot arrays,'4 most free-space optical intercon-
nects rely on the Fourier plane array-generation
technique.’4-18 To read out the logical state of the
modulators, it is necessary for the system described
here to have an array of 4 X 8 clusters on a 1600
pm X 800 wm pitch in which each cluster is an array
of 4 X 4 spots on a 90-pm pitch (see Fig. 1). The
geometry of the clustered spot array can easily be
implemented by the cascading of two Fourier plane
array generators. A cascaded implementation pos-
sesses the advantage of producing a spot array with
higher uniformity than that produced by a single
Fourier plane array generator.?

Spot-array generators have been implemented
by use of different techniques and packaging
approaches.®-11.20  However, not much emphasis
has been placed on developing an array-generation
system that is compact and modular and that can be
aligned kinematically with the optical interconnect.
It is advantageous for scalable multistage systems
if optical array generators are designed as separate
modules that are prealigned and then mounted on
the system. Furthermore, it is important that
such a module be easy to assemble. Finally, to
facilitate test and repair, it is necessary that the
module be designed such that it can be unmounted
and remounted on the system without realignment.
All these concerns have been addressed by the de-
sign of the spot-array generator for our proposed
system.

The format of this paper is as follows: Section 2
presents a short overview of the optical interconnect
system. The optical and the optomechanical re-
quirements for the spot-array generator are intro-
duced in Section 3. Section 4 presents the optical
design of the cascaded array-generator system,
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whereas the optomechanical design is presented in
Section 5. The assembly and the alignment proce-
dures of the optical-power-supply (OPS) module is
discussed in Section 6. Section 7 describes the
kinematic-alignment mechanism of the array gener-
ator to the optical interconnect. Finally, Section 8
presents characterization results.

2. Optical Interconnect Overview

The design of the optical interconnect was described
in Ref. 12. This system, which interconnects opto-
electronic VLSI (OE-VLSI) chips in a unidirectional
ring (see Fig. 2), is designed to be scaleable (to an
arbitrary even number of boards), modular (to allow
easy assembly and maintenance), compact, robust,
and misalignment tolerant. The OE-VLSI chips
are based on GaAs/AlGaAs MQW electroabsorption
modulators and p-i-(MQW)-n detectors, which are

/ OE-VLSI chip

Optical interconnect

Interconnect

/ baseplate

Fig. 2. Schematic diagram of a ring-based optical backplane that
requires the proposed spot-array generator.
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flip-chip bonded to CMOS electronics, that operate
at 852 nm for optical input and output. A dual-rail
data-encoding scheme is used such that two modu-
lator devices are used to encode data differentially.
A point-to-point link is implemented between the
modulators of one OE-VLSI chip and the detectors
of the subsequent chip (see Fig. 3). The
minichannel-based relay system requires that ar-
rays of 4 X 4 signal beams be transmitted simulta-
neously through each of the 8 X 8 arrays of
symmetric 4f telecentric relays. The 8 X 8 arrays
are designed with alternating columns of modulator
and detector windows, and the resulting window
density is 2500 windows/cm?. Optical data trans-
mission is achieved by the modulation of an exter-
nally generated spot array. The optically encoded
data is then routed from one stage to the next by
means of polarization optics and patterned mirrors.
Polarizing beam splitters are used either to reflect
or transmit linearly polarized light, depending on
its orientation relative to the plane of incidence.
The state of polarization is changed from linear to
circular and vice versa by use of quarter-wave
plates (QWP’s) that have their slow axes oriented at
45°,

The optical interconnect is implemented by use of a
modular approach (see Fig. 3). This approach re-
duces the component count and the number of me-
chanical degrees of freedom to be aligned in the
interconnect baseplate, which relaxes alignment tol-
erances.2! Descriptions and assembly techniques
for the beam-combination, beam-relay, and chip mod-
ules were already published.21-23

LA, lenslet array.

3. Spot-Array Generator Requirements

A. Optical Requirements

Several design characteristics are required for the
spot array. First, the design of the modulators, the
detectors, and the diffractive optical elements were
specified for an operating wavelength of 852.0 nm.
Furthermore, the optical source of the system should
provide linearly polarized light with an extinction
ratio that is greater than 100:1 so that the loss in the
interconnect’s power throughput is less than 1%.
Second, the layout of the spot array must be the same
as that of the modulators on the OE-VLSI chip, as
shown in Fig. 1. Third, for compatibility with the
interconnect optics the interconnect design requires
that the 1/e? spot radius at the modulators and the
detectors be 13.1 wm.'2 Finally, the field curvature
of the spot array should be minimized, whereas the
power uniformity across the entire array should be
maximized. Table 1 summarizes these require-
ments and presents the measured values of the im-
plemented system (these characterization results are
discussed in Section 8).

B. Optomechanical Requirements

There are two main issues that must be addressed by
the design of the optomechanics for the OPS module.
First, the optomechanical support must ensure that
all elements remain stable and well aligned to a com-
mon optical axis, while at the same time allowing
them to be easily removed, replaced, and reposi-
tioned. Second, the optomechanical design must in-
clude a technique for mounting the OPS module onto
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Table 1. OPS Requirements

Element Requirement Measured
Optical elements
Wavelength 852.0 nm 852.0 = 0.1 nm

4 X 8 Cluster array pitch
4 X 4 Cluster array pitch

1600 pm X 800 pm
90 pm X 90 pm

1602.2 = 0.4 pm X 801.5 + 0.2 pm®
89.1 + 0.2 um X 89.1 = 0.2 pm

Beam waist at the modulators (1/e?) 13.1 pm o, = 13.7 £ 0.1 pm*
o, =13.4 = 0.1 pm“
Input-polarization linearity >100:1 1500:1

Optomechanical elements®
Roll around the optical axis

45 arc min (0.75°)

<6 arc min (0.1°)

Lateral-alignment repeatability 55 pm o, = 5.8 pm
o, = 4.1 pm
Angular-alignment repeatability 3 arc min (0.05°) o, = 0.004°
o, = 0.006°

Y

“Worst case out of four implementations.

®Requirements for a 1% loss in the optical power throughput through the interconnect.

the interconnect baseplate. The optical intercon-
nect design requires that the optical axis of the OPS
module be aligned at 90° to that of the interconnect
system (as shown in Fig. 3). To allow for simple
replacement and repair procedures, it is also desir-
able for a kinematic-mounting mechanism to be de-
veloped such that the OPS module can be unmounted
and remounted without requiring any realignment.
Finally, the optomechanical design should be com-
pact, robust, and easy to assemble, while minimizing
cost.

An analysis of the tolerances for the alignment of
the OPS module to the interconnect optics was pre-
sented in Ref. 21. The requirements listed in the
second section of Table 1 represent the alignment
tolerances associated with a 1% loss in the optical
power throughput through the interconnect. Be-
cause this metric is conservative, the system can still
operate if these tolerance specifications are not met.
However, a further increase in system misalignment
will ultimately translate into lower operating speeds
or larger bit-error rates.

4. Optical Design

A. Design Choices

Various possibilities were examined for the design of
the array generator. The most obvious solution
would be to generate the entire spot array with a
single diffractive optical element and a Fourier lens.
However, to produce the required array of 512 beams
and achieve good uniformity would require a diffrac-
tive optical element of at least 2048 X 2048 pixels,24
which would represent a significant design challenge.
Another possibility would be to use an 8f optical sys-
tem with two array-generation stages consisting of a
4 X 8 generator and a single 4 X 4 array generator
with three identical Fourier lenses (as demonstrated
in Ref. 16). However, this scheme represents a
bulky system that does not scale well. Furthermore,
because the beam divergence required at the modu-
lator array is determined by the design of the inter-
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connection system and because the minilenses that
are used to route light through the system are al-
ready in place in front of the modulators, it was also
desirable to use those lenses as part of the array-
generation system. This decision led to the design
described in Subsection 4.B.

B. Cascaded Array-Generation System Design

A schematic drawing of the array-generation system
design is shown in Fig. 4. Two Fourier plane array
generators are cascaded to produce the required ar-
ray of 512 beams. The first stage produces an array
of 4 X 8 beams on a 1600 pm X 800 pm pitch, which
corresponds to the layout of modulator clusters on the
OE-VLSI chip. Each of these beams is then fanned
out into an array of 4 X 4 spots on a 90-pm pitch.
The Fourier plane array generators are computer-
generated holograms implemented as a binary-level
(4 X 8 fan-out) and a multiple-level (4 X 4 fan-out)
phase grating.

There are four lens transformations in the array-
generation system:

(i) The collimation of the beam emitted from the
fiber.

(ii) The focusing of the collimated beam at the out-
put of the Fourier lens.

(iii) The collimation of the beam at the output of the
OPS module.

(iv) The focusing of the collimated beam onto the
modulators.

With the Gaussian beam-propagation model it is pos-
sible to calculate the required beam waists in the
array-generation system. Because of the telecen-
tricity of the system, all waists are located at the focal
points of the different lenses. Given a lens of focal
length f with an input beam waist of w,, the output
beam waist o, is approximately equal to

A
wy' = ——f, (D
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Fig. 4. Design of the array-generation system.

given that 2z, >> f for all four lens transformations2>
(zo is the Rayleigh range). The calculated beam
waists for all lens transformations are shown in Fig.
4. Note that, because the system is telecentric, the
beam waist at the focus of the Fourier lens wgy, is the
same as that at the modulators wyop.
polarization-maintaining (PM) fiber was used to de-
liver polarized light to the system. The mode-field
diameter (or 2wgy,,) of such a fiber is not perfectly
circular; it was measured to be 6.5 pm in x and 6.2
pminy. The effective focal length of the collimating
lens that is required to produce a beam with the
required waist w¢y, 18 for, = 7.35 mm.

C. Optical-Power-Supply Module Optical Design

The OPS module implements the first stage of the
array-generation system. Because the module is as-
sembled and characterized separately, a separate set
of requirements was developed for the output beams
of the OPS module. It is necessary to produce an
array of 4 X 8 collimated beams with a waist of
wops = 176.0 pm on a 1600 pm X 800 pm pitch.
The optical design should provide a means of laterally
translating the beams by =300 wm such that they
can be aligned with the OE-VLSI chip after the OPS
module is inserted into the interconnect baseplate.
Finally, the state of polarization of the light must be
right-hand circular for it to be routed properly in the

(For simplicity polarization and beam-steering components are not shown.)

interconnect system. The objective for the OPS
module optical design is to meet all these require-
ments while reducing the optomechanical complexity
to a minimum. To do so, it is necessary that a num-
ber of optical and optomechanical degrees of freedom
be incorporated in the design of the OPS module.
These design items are presented in Table 2.

A schematic diagram of the OPS module’s optical
design is shown in Fig. 5. The light is delivered
through a fiber-connect (FC) PM single-mode fiber.
The light output from the PM fiber shows excellent
polarization characteristics and has an extinction ra-
tio greater than 1500:1. For design simplicity it was
decided to use off-the-shelf lenses to collimate the
light from the PM fiber. A combination of an as-
pheric lens (f = 6.26 mm) and a negative achromatic
lens (f = —20.14 mm) was chosen to reduce aberra-
tions. The spacing between the lenses is variable to
accommodate for variations in the divergence of the
light emitted by the fiber and for deviations of the
focal length (=1%) such that the effective focal length
can be adjusted to f;, = 7.35 mm. Because the light
at the output of the fiber is linear and p polarized, a
QWP is used to change the state of polarization to
right-hand circular. The beam then passes through
a 0.5° Risley prism pair (RPP) that provides a
+330-wm lateral adjustment of the spot array.

The fan-out grating (FOG) is a Fourier plane array

Table 2. OPS Module Degrees of Freedom

Design Requirement

Optical-Optomechanical Solution

Spots on a uniform grid

Low-distortion Fourier lens

Spot pitch of 1600 pm X 800 pm
Spot size of 13.1 um (1/e?)

Collimated beam through the fan-out grating (FOG)

Angular alignment of the collimated beam

Angular alignment of the spot array about the optical axis

Mutual angular alignment of the chief rays of all beams
in the spot array

Lateral alignment of the spot array

Adjust focal length of Fourier lens with a change in element sepa-
ration

Adjust focal length of collimating lens with a change in element
separation

Maintain the fiber facet at the front focus of the collimating lens

Adjust the fiber-receptacle lateral position on the collimation barrel

Rotate the FOG about the optical axis

Position the FOG at the front focus of the (low-aberration) Fourier
lens

Rotate the RPP’s about the optical axis
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Fig. 5. Schematic diagram of the OPS module optical design. CL, collimating lens; LA, lenslet array.

generator that is placed at the waist of the collimated
beam. This binary diffractive element has a period
of 32 pm X 64 pum and is designed to produce an
array of 4 X 8 diffraction orders (odd orders only).
The FOG can be rotated to align the spot array with
respect to the optical axis.

The optical properties of the Fourier lens have an
influence on numerous characteristics of the 4 X 8
spot array (see Table 2): The choice of the Fourier
lens is thus an important one. A detailed descrip-
tion of the chosen Fourier lens can be found in Ref. 11.
The lens comprises five elements and achieves good
correction for the achromatizing aberrations, such as
spherical, astigmatism, and distortion aberration.
It also provides a large field size (7.7 mm), while
maintaining low field curvature and distortion (f —
sin 6 distortion of less than 0.025% across the 20.7°
field of view). The design allows the Fourier lens’s
focal length to be adjusted precisely to fz;, = 30.00
mm by variation of the spacing of the last element,
which acts as a field flattener. This adjustment is
necessary because the required focal-length control
for achieving a 1-pm spot-position error is 1 part in
2000 (Ref. 11). Finally, the optical elements are
packaged in a magnetic stainless-steel barrel with an
outer diameter of 25.00 mm.

The last element of the OPS module is an array of
8 X 8 minilenses on an 800-pm pitch (/3 = 8.5 mm),
and it is used to collimate the beams. The
minilenses in this system all have the same design
and are eight-level diffractive elements.

D. Second-Stage Optical Design

The second stage of the array-generation system (as
shown in Fig. 4) consists of a FOG in combination
with a lenslet array that acts as a Fourier lens. The
patterned-mirror grating (PMG) consists of four FOG
stripes interlaced with four metal-mirror stripes.
The grating, which is an eight-level element, has a
period of 161 pm and is designed to produce a 4 X 4
array on a 90-pm pitch when used in combination
with an 8.5-mm Fourier lens. The waists of the col-
limated beams produced by the OPS module must be
incident upon the grating, and the lenslet array must
be placed at a distance f;, from the PMG for each
beam to be divided into the required spot array. The
PMG is assembled as part of the beam-combination
module?! and packaged in the interconnect baseplate.
The metal stripes are used in the interconnect to
reflect data from the previous stage onto the receivers
(see Fig. 3). Finally, the lenslet array is packaged as
part of the chip module.22
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E. Design Modeling and Simulation

The optical design was modeled by use of commercial
ray-tracing software. The point-spread function
and the Strehl ratio were calculated for the spots at
the modulators. The calculations were performed
for two different spots: the center spot, which is
located on the optical axis (i.e., the zero order for both
the FOG and the PMG), and the outer spot, which is
the farthest from the optical axis in the 512-spot
array. The outer spot is located at a distance of 3878
pm from the optical axis. Because the simulation
software does not allow for array propagation, an
equivalent optical system was designed by the mod-
ification of the period of the gratings such that a spot
is produced on the y axis at the required distance
from the optical axis.

The point-spread function indicates that the center
and the outer spot radii (1/e?) are 13.7 wm, which is
slightly larger than the Gaussian beam design value
(13.1 pm). This minimal increase, which results in
a spot of 3w = 41.1 wm, can be tolerated by the
oversized modulators (50 um) and detectors (70 wm).
The Strehl ratios for the center and the outer spots
are, respectively, 0.892 and 0.886. These ratios in-
dicate that aberrations are reduced to the Rayleigh
limit,26 and the system can therefore be considered to
be diffraction limited. Finally, Gaussian beam-
propagation simulation confirmed the -calculated
beam waists presented in Fig. 4.

5. Optomechanical Design of the
Optical-Power-Supply Module

For addressing the optomechanical requirements
presented in Subsection 2.B different packaging
strategies are available. For example, a barrel as-
sembly was employed in a previous implementation
of an OPS.20 However, it was found that the barrel
assembly is not ideal for implementation. First, the
components are not easily accessible when housed in
a barrel: Their insertion, removal, and reposition-
ing are tedious and time consuming. Second, the
mounting of the barrel assembly onto a baseplate
lacks sufficient insertion accuracy.

The packaging strategy for the OPS module in this
system consists of centering the optical components
in 25.00-mm magnetic stainless-steel cells and then
depositing them onto a baseplate. The baseplate is
made of a rectangular slot with two precision-ground
rods positioned in the corners of the slot, the rods
acting as rails for the cells. Rare-earth magnets are
glued onto the bottom of the slot; they constrain the
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Fig. 6. Schematic diagram of the OPS module optomechanics.

cells laterally and angularly. This strategy is simi-
lar to those presented in Refs. 27 and 28 in which
either a V groove or a rectangular slot was used to
support the components and define two reference
axes for their alignment. Ofthese two strategies the
V groove provides the most effective alignment be-
cause the line of contact on the baseplate lies on a
planar surface (as opposed to a sharp corner in the
case of the rectangular slot). Indeed, the drawback
to rectangular-slot baseplates is their poor alignment
repeatability owing to the degradation of the edge’s
sharpness after repeated insertions. On the other
hand, the drawback to V grooves is an increase in
machining cost. The baseplate approach that is pro-
posed here combines both of these advantages:
alignment repeatability and ease of machining.
Furthermore, a derivative and significant advantage
for using rods as an alignment reference is that they
can be used to align the OPS module kinematically to
the interconnect baseplate because they define the
optomechanical axis of the OPS module. The
mounting technique of the OPS baseplate to the in-
terconnect baseplate is described in Section 7.

A schematic diagram of the optomechanics is
shown in Fig. 6, and the different optomechanical
components are described in the following subsec-
tions. In the discussion, lateral alignment refers to
the direction perpendicular to the optical axis of the
OPS module (x—y), whereas longitudinal alignment
refers to the direction of light propagation, that is,
parallel to the optical axis of the OPS module (z).

A. Optical-Power-Supply Baseplate

The support for the cells of the OPS module consists
of a slot baseplate 150 mm (long) X 40 mm (wide) X
15 mm (high) with the two extremities being 25 mm
high. For ease of machining and reducing weight
the OPS baseplates are machined out of aluminum.
The baseplate is also compatible with $25-mm com-
mercial optomechanical components so that the OPS
modules can easily be assembled and characterized
separately.

For accurately defining the distance between the
rods and ensuring their parallelism two alignment
holders are used to position and align the rods on the
OPS baseplate. Each holder consists of a rectangu-
lar piece through which two holes providing a tight
sliding-fit clearance for the rods have been machined.
The holes on the holders are machined such that their
position is within 5 wm of the design value. Because
the rods are aligned with the help of holders, the
machining tolerances of the OPS baseplate, such as
the position and the width of the slot, can be relaxed.
Only one pair of holders is necessary to align the rods
on all four OPS baseplates.

B. Cell Holders

All cells are machined out of 416 magnetic stainless
steel such that they can be held in place by the mag-
nets in the OPS baseplate during their alignment.
The lateral alignment of the QWP, the RPP’s, and the
FOG is not critical. Thus the components are posi-
tioned manually and glued to 25-mm cells. On the
other hand, the fiber, collimating lenses, Fourier lens,
and lenslet array must be aligned accurately to a
common optical axis. To do so requires that the
components be centered within cells machined to an
outer diameter of 25.00 = 0.01 mm. The lenslet-
array alignment technique utilizes lithographically
defined metal markers that are deposited on the sub-
strate during the lenslet-etching process. The lens-
let array is centered relative to its cell by the
alignment of the markers present on the substrate to
those machined on the cell. It is then fixed by use of
UV-cured epoxy; its alignment precision to the opto-
mechanical axis of the cell was measured to be within
30 pm.

C. Collimation Barrel

It was decided to mount the fiber and the collimating
lenses in a single barrel, referred to as the collimation
barrel (see Fig. 7). This approach allows the colli-
mating module to be easily inserted and removed
from the OPS module, while maintaining alignment
and collimation accuracy. The aspheric and the ach-
romatic lenses are first mounted in Delrin cells by use
of an interference fit between the cell and the lens-
edge surfaces.2 This type of fitting automatically
centers the lenses to the mechanical axes of their
cells. The outer diameters of the Delrin cells are
machined to provide a close sliding-fit clearance to
the inner diameter of the collimation barrel so that
they can easily be inserted and removed from the
barrel, while ensuring their alignment with its opto-
mechanical axis.

The interior of the collimation barrel is divided into
two sections by a stopper: The fiber receptacle is
placed on one side, whereas the collimating lenses are
inserted on the other side. The longitudinal posi-
tions of the lenses are adjusted by a combination of
spacers inserted between the stopper and the first
collimating lens and between the two lenses. The
spacers and the lenses are held in place with a re-
tainer ring that is fixed by use of four screws. Fi-
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Fig. 7. Schematic diagrams of the collimation barrel and its com-
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nally, the design of the collimation barrel includes a
groove to allow easy access to the cells inside the
barrel.

The mechanism for centering the fiber with the
optomechanical axis of the collimation barrel is
shown in Fig. 8. The end plate of a FC—physical-
contact fiber receptacle is chamfered down at 45°, as
shown. The fiber receptacle is placed in contact with
the stopper of the collimation barrel and four cup-
point-locking screws (to minimize backlash and pro-
vide stable positioning) are driven against the
chamfered edge to hold the receptacle in place. The
screws are then used to adjust the lateral position of
the fiber receptacle. Using this mechanism allows
the fiber to be centered to the optomechanical axis of
the collimation barrel with a precision of better than
6 pm. Furthermore, after numerous removals from
and insertions into the receptacle of the fiber the
deviation of the fiber from its initial position is within
1 pm. This mechanism is an improved version of
that presented in Ref. 20 in which the receptacle was

Collimation
barrel

!\\\\\)\\\\v'=

Fiber receptacle
Lateral-adjustment screws (x4)

Fig. 8. Schematic diagram of the fiber-centering mechanism.
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chamfered down in a circular fashion and permitted
an alignment precision of 10 pm.

6. Assembly and Alignment

The first step in the assembly of the OPS module is
the assembly of the collimation barrel. After the
receptacle has been centered the design requires that
the positions of the collimating lenses be adjusted to
produce a collimated beam with a waist radius be-
tween 610 pm < weg < 640 pm in both x and y.
However, it was found that the size of the beam
waists needed to be slightly larger than the theoret-
ical value, that is, between 640 pm < weg < 670 pm,
to produce the required spot size (13.1 um) at the
modulators. This need can be explained by the tol-
erance on the focal length of different components in
the OPS module and the optical interconnect and by
possible variation of the mode-field diameters for dif-
ferent fibers.

It was noted that the beam at the output of the
collimation barrel had a small angular deviation with
respect to the optomechanical axis of the barrel.
This deviation can be attributed to the sliding-fit
clearance required for the insertion of the cells into
the collimation barrel, resulting in the lenses being
not perfectly centered on the optical axis. However,
this angular deviation can be reduced to less than
0.01° by a slight adjustment of the position of the
fiber receptacle to compensate for this misalignment.

The second step of the assembly consists of adjust-
ing the focal length of the Fourier lens to produce a
spot array with the required pitch. To do so requires
that an alignment mask replicating the ideal spot
position be designed and mounted on a cell by use of
the same technique as for the lenslet array (Subsec-
tion 5.B). Positioning the collimation barrel, the
FOG, the Fourier lens, and the alignment mask on
the OPS baseplate allows the spot array to be ob-
served on the alignment mask. The focal length of
the Fourier lens is then adjusted to align the spot
array onto the markers, ensuring that the required
pitch is obtained.

After all the collimation barrels and Fourier lenses
have been adjusted it is possible to align an OPS
module in less than 15 min, as follows. When the
cells are deposited onto the rods in the baseplate four
out of six mechanical degrees of freedom are con-
strained: Only the roll and the longitudinal position
of the elements need to be adjusted. Given that a
collimated beam is output from the collimation bar-
rel, the longitudinal alignment of only three elements
is critical:

(1) The FOG must be positioned at the front focal
point of the Fourier lens.

(2) The distance between the Fourier lens and the
OPS lenslet array (LA;) must be equal to the back
focal length of the Fourier lens plus f; o such that the
output beams of the OPS module are collimated.

(3) The OPS lenslet array LA; must be positioned
at a distance of f; , = 500 pm from the PMG after the
OPS baseplate is inserted into the interconnect base-



Fig. 9. Photograph of an assembled OPS module.

plate (to preserve the interconnect system telecen-
tricity).

Furthermore, the roll of only three elements needs to
be adjusted:

(1) The roll of the FOG must be adjusted so that the
spot array at the output of the OPS module is rota-
tionally aligned with the PMG and the interconnect
system.

(2) The roll of lenslet array LA; must be adjusted so
that it is rotationally aligned with the spot array at
the output of the Fourier lens.

(3) The roll of the QWP must be adjusted to circu-
larize the light polarization and maximize power
transfer to the interconnect system.

The first step in the alignment of an OPS module is
to position the Fourier lens by hand to within 200 pm
of its ideal position. Next, the position of the FOG is
adjusted by the imaging of the grating through the
Fourier lens onto a screen placed approximately 50
cm after the Fourier lens. Only when the FOG is at
the front focal point of the Fourier lens will a clear
image of the grating be visible on the screen. Using
this technique allows the position of the FOG to be
estimated to be aligned to within 50 pm of the Fou-
rier lens’s front focal point. The rotational align-
ment of the FOG is then performed by rotation of the
cell by hand such that the beams at its output are
parallel to markers on an alignment mask.

Next, lenslet array LA; is deposited onto the base-
plate and rotated such that its columns of minilenses
are parallel to the incident beams. Because of the
imperfect alignment of LA, with respect to the me-
chanical center of its cell, the RPP is then rotated
such that each spot of the array is aligned in the
center of a minilens. The longitudinal position of
LA, is next adjusted to collimate the beam by mini-
mization of the divergence angle of the spot array.

Finally, the assembly of the OPS module is com-
pleted by the insertion of the QWP into the baseplate
and the adjustment of its roll such the power trans-
mission into the interconnect is maximized. This
step is performed after the OPS baseplate has been
mounted on the interconnect baseplate. A photo-

graph of an assembled OPS module is shown in Fig.
9.

7. Insertion of the Optical-Power-Supply Baseplate
into the Interconnect Baseplate

The most critical part of the optomechanical design
for the OPS module is its attachment to the intercon-
nect baseplate. To better understand the attach-
ment technique and the packaging of the second
stage of the array generator system, we first present
a brief overview of the interconnect baseplate. The
mounting technique is then described in Subsection
7.B, and the characterization of the insertion repeat-
ability is presented in Subsection 7.C.

A. Overview of the Interconnect Baseplate

The interconnect baseplate is designed as the opto-
mechanical reference to which all modules are
aligned (see Fig. 2). For simplicity and ease of as-
sembly the modules are passively aligned by use of
rods, holes, and dowel pins. The beam-combination
and the beam-relay modules are packaged in the slot
of the interconnect baseplate, whereas the OPS and
the chip modules are mounted on the baseplate.
The technique for the alignment of the PMG (which is
part of the beam-combination module) on the inter-
connect baseplate is shown in Fig. 10. The PMG
substrate is precisely diced, and its edges are placed
against three dowel pins. A clamp is then used to
hold the module in place. The lenslet array in the
second stage of the array generator (LA,) is packaged
in the chip module. This chip module is mounted on
the interconnect baseplate by the mating of the chip-
module holder to two precision-ground dowel pins.
This technique is described further in Ref. 22.

B. Optical-Power-Supply Baseplate-Mounting Technique

Each OPS module must be inserted at 90° to the
plane that contains the optical axis of the ring inter-
connect. The attachment of the OPS module to the
optical interconnect is achieved by the mating of the
rods of the OPS baseplate to holes machined in the
interconnect baseplate. The holes have the same
specifications as that of the rod-alignment holder (see
Subsection 5.A): They are designed to provide a
tight sliding-fit clearance for the rods and machined
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Section of the
interconnect baseplate

OPS baseplate

PMG

Alignment holes for the
rods of the OPS baseplate

Dowel pins for the
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Fig. 10. Schematic diagram of the insertion of the OPS module
into the interconnect baseplate.

to within 5 pm of the design value. The measured
rod diameter is 4.990 = 2 wm, whereas the specifica-
tion for the diameter of the holes is 5.00470 352 wm.

The rods together with the flat surfaces of the base-
plates provide a kinematic reference that constrains
angular movement (both rotation and tilt). Further-
more, because the optical axis of the OPS module is
defined by the two rods, any inaccuracy in the posi-
tion of the OPS’s optical axis is limited to the relative
positioning error of the holes in the interconnect
baseplate to the other features on the interconnect
baseplate. Finally, the OPS baseplate is fixed in
place with screws in oversized holes. The mounting
of the OPS baseplate to the interconnect baseplate is
shown in Fig. 10.

C. Kinematic-Alignment-Mechanism Characterization

To validate the design approach for the mounting of
the OPS module, we fabricated a prototypical base-
plate. A substrate that replicated the ideal spot ar-
ray was aligned on the baseplate in place of the PMG
and by use of the same technique. The OPS base-
plate was removed, reinserted, and secured in place
30 times. For every extraction—insertion cycle, the
lateral and the angular misalignments of the beam
array with respect to the alignment substrate were
noted, and the results are shown in Fig. 11. The
average lateral misalignment is 154 pum in x and 123
pm in y, whereas the average angular misalignment
is 0.171° in x and 0.036° in y. The position and the
angle of incidence of the beams on the substrate can
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Fig. 11. Characterization of the repeatability of the OPS base-

plate insertion: (a) lateral repeatability in micrometers and (b)
angular repeatability in degrees.

be adjusted by use of the RPP such that the small
misalignments can be eliminated.

The repeatability of the insertion can be character-
ized by a comparison of the misalignment standard
deviations with the alignment tolerance between the
OPS module and the optical interconnect for a 1%
power loss. These tolerances, which were presented
in Table 1, are 55 pm (lateral) and 0.05° (angular).
The standard deviation for the lateral misalignment
is 0, = 5.8 pm and o, = 4.1 pm, whereas it is o, =
0.004° and o, = 0.006° for the angular misalignment.
The results indicate that, after the RPP has been



Table 3. Characterization Results for the Four OPS Modules

Parameter OPS1

OPS 2

OPS 3 OPS 4

Spot pitch (um) 1601.2+0.4x801.2+0.2

1602.0£0.4x800.7+0.2

1602.20.4x801.50.2 1602.40.4X799.7£0.2

Fourier lens spot o, =134 £ 0.1 o, = 13.0 £ 0.1 ,=13.0x0.1 o, =13.7 £ 0.1
size (nm) o, =13.1*0.1 o, =129 * 0.1 o, =129 = 0.1 o, =134 * 0.1

FOG nonuniformity 12% *+ 1% 11% *= 1% 11% *= 1% 11% *= 1%

PMG nonuniformity 3% = 1% 4% *= 1% 4% * 1% 4% * 1%

adjusted to align the beams onto the modulators, the
OPS baseplate can be removed and passively rein-
serted such that all the beams remain aligned on the
chip.

8. Characterization

Four OPS modules were implemented, and a detailed
characterization of the performance was carried out.
The goal was to obtain statistical information on the
reproducibility of the design and implementation.
The results are presented in the following subsec-
tions.

A. Spots and the Spot Array

Three main parameters must be characterized for the
spot array: the spot size, the array pitch, and the
array power uniformity. The measured values of
these parameters for all four OPS modules are shown
in Table 3, and a photograph of the spot array at the
modulators is shown in Fig. 12. Because the system
is telecentric, the spot size at the modulators is the
same as that at the output of the Fourier lens. For
this reason a beam profiler mounted on a micrometer
stage was used to measure the spot size at the back
focal point of the Fourier lens. The average value is
13.2 wm, whereas the worst-case measurement (13.7
pm) is within 0.6 pm of the design value.

The pitch of the 4 X 8 array was measured by
means of placing a mask at the back focal point of the
Fourier lens. The positions of the four outer spots
were monitored on the mask, as shown in Fig. 13.
The pitch of the array was derived by measurement of
the spot displacements from the markers and then
distribution of the error over the entire array. This
technique allows the evaluation of the worst-case
spot pitch because displacements of the outer spots
are largest as a result of distortion and aberrations.
This also explains the fact that the steeper pitch
(1600 pm) is not exactly twice as large as the lesser
one (800 pm). The worst pitch, which is 1602.2 =
0.4 pm X 801.5 = 0.2 pm (OPS module 3), is within
the tolerance of the system. A similar technique
was utilized to characterize the spot pitch of the 4 X
4 array. An OPS module was inserted into the in-
terconnect baseplate, and the pitch of the outermost
cluster was measured. The result was 89.1 = 0.2
pm X 89.1 = 0.2 pm, which is excellent.

A common metric for quantifying the uniformity of
FOG’s is to consider that the power distribution in
the array approximates a normal distribution and to
calculate the standard deviation. Using this metric
showed the measured nonuniformity for the 4 X 8

array produced by the FOG’s to be 12%. However,
because the system employs differential encoding
and pairs of beams illuminating the modulators and
the detectors are created at the PMG, these beams
will have the same relative dc offset. Thus the uni-
formity of the PMG is more critical than that of the
FOG. Forthe4 X 4 array generator in the PMG, the
average nonuniformity is 4%, and no significant zero-
order beam is present in any of the spot arrays.
Thus pairs of beams in a data channel will have
almost identical power at the modulators.

B. Power Budget and Efficiency

Throughput efficiency measurements were per-
formed on each of the optical elements of the array-
generation system, and the averages are listed in
Table 4. The values for the diffractive optical ele-
ments (FOG, PMG, and lenslet array) include both
diffraction and reflection losses. The throughput of
all components was within specifications except for
the FOG and the PMG. The low efficiency and the
high nonuniformity of the FOG are most probably
attributable to the difficulty of designing an element
that produces such a large diffraction angle. The
low efficiency of the PMG is probably attributable to

Fig. 12. Photograph of the 512-spot array (the contrast is invert-
ed).
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_, Mask substrate

Fig. 13. Photograph of the 4 X 8 spot array on the mask substrate.

fabrication errors. Given the low efficiency of these
two components, the cumulative throughput for the
array-generation system was measured to be 33% =+
5%.

9. Conclusion

A robust, compact, and modular OPS spot-array gen-
erator has been implemented successfully to drive an
array of 512 modulators used in a free-space optical
interconnect. The design requirements presented in
Table 1 were met successfully. The optomechanical
design for the OPS allows the module to be aligned
kinematically to the interconnect system by use of

Table 4. Throughput Efficiency of the Array-Generation System

Optical Component Measured Value

Collimation barrel 99% + 1%
RPP 99% + 1%
QWP 99% + 1%
FOG 70% * 2%
Fourier lens 95% * 1%
Lenslet array 84% + 2%
PMG 2% *+ 2%
Lenslet array 84% * 2%
Total efficiency 33% * 5%
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precision-ground rods and tight sliding-fit holes as a
reference. This kinematic alignment results in a
module that is both simple to assemble and easy to
use. Furthermore, the alignment of the OPS mod-
ule to the interconnect system is repeatable such that
the module can be unmounted and remounted with-
out requiring any realignment. Note that light was
routed successfully from the modulators to the detec-
tors in the optical interconnect,?! thus further dem-
onstrating that the requirements for the OPS have
been satisfied.
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