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Implementation of Optical Perfect Shuffle with
Substrate Guided-Wave Optical Interconnects
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Abstract—The vulnerability in optoelectronic packaging of
free space optical interconnects fail to provide a reliable inter-
connection for highly parallel system. In this letter, we report,
for the first time, a substrate-guided-wave-based perfect shuffle
(PS) having an 8-to-8 interconnection, is demonstrated at 632.8-
nm wavelength. Sixteen waveguide holograms are fabricated
with the full functionality of the PS. The diffraction efficiencies
of the waveguide holograms are all within 80% �5%. The
surface-normal configuration of the demonstrated PS makes the
integration with vertical-cavity surface-emitting lasers (VCSEL’s)
and other surface-mountable processing elements (PE’s) highly
feasible.

Index Terms—Optical interconnects, optical perfect shuffle,
parallel processing, photopolymer films, volume hologram.

I. INTRODUCTION

I N PARALLEL computing architecture, the perfect shuffle
(PS) is proven to be an efficient interconnection method

for parallel processing algorithms, such as the fast Fourier
transform (FFT), polynomial evaluation, sorting, and matrix
transposition [1]. For high-speed (1 GHz) parallel process-
ing, the performance of the existing communication links
among processing elements (PE’s) based on microelectronic
integrated circuits is limited by electromagnetic interference,
parasitic capacitance, and inductance coupling. To overcome
the bottlenecks of electrical interconnects, optical interconnec-
tion has been widely agreed to be one of the most important
alternatives [2], [3].

Many investigators have been working on optical imple-
mentation of the perfect shuffle, and several approaches have
been proposed and then demonstrated [4]–[9]. Lohmann and
his colleague [4], [5] performed this concept with a com-
bination of lenses and prisms. Using microlens arrays, the
PS is demonstrated by Sawchuk and Glaser [6]. Recently,
holographic optical elements (HOE’s) are employed to imple-
ment one-dimensional (1-D) and two-dimensional (2-D) PS’s
[7]–[9]. All these implementations are limited to free space
optical interconnects, which are vulnerable to mechanical and
environmental perturbations. Furthermore, extra components
like lenses and/or prisms are always needed to route optical
signals.
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Fig. 1. Schematic diagram for the perfect shuffle (PS) interconnection with
N = 8 PE’s. The small boxes represent PE’s.

Substrate guided wave optical interconnects, using HOE’s
combined with total internal reflection (TIR) in dielectric or
semiconductor substrates, have been demonstrated as efficient
approaches for intra- and inter-module interconnections, op-
tical clock distributions, and optical backplane buses [10].
In this letter, we present, for the first time, the PS imple-
mented by using HOE based substrate guided wave optical
interconnects.

For a computing cluster having PE’s, the PS-bared
optical interconnection divides this group into two subgroups
and then interlaces the PE’s from the first subgroup to the
second subgroup with a one-to-one interconnection. The PS is
generally defined mathematically as [1]

for

for
(1)

where is the new location of theth PE. An interconnection
of a PS having 8 PE’s is shown in Fig. 1. The first PE subgroup
located at 0, 1, 2, 3 will be shuffled to new positions numbered
by 0, 2, 4, 6, respectively. The other subgroup with locations
4, 5, 6, 7 will be interlaced to positions 1, 3, 5, 7, respectively.
Assume the distance between the two adjacent PE’s in both
input and output nodes is and the distance separating the
input and output nodes is, as shown in Fig. 1, the angle

steering an input signal to its designated output nodes is
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Fig. 2. Integration of eight pairs of HOE’s on one waveguiding plate.
Interconnection in the waveguiding plate between the fourth PE of the input
group and first PE of the output group is shown in the inset as an example.

given by

for

for .

(2)

Equation (2) is used in our experiment for fabricating the
corresponding HOE’s.

DuPont photopolymers HRF 600X001-20 (20m thick) are
selected as the holographic films due to their dry processing,
long shelf life, good photospeed, and large index modulation
properties [11]–[14]. This type of material is advantageous
when considering the wet-processing requirement affiliated
with DCG [15]. The volume holographic grating formation
mechanism in the photopolymer is known to be a three-step
process [11]. First, an initial exposure records the interference
pattern, which causes initial polymerization and diffusion of
the monomer molecules to the bright fringe area from the
dark fringe neighborhood within the photopolymer. A higher
concentration of polymerization means a higher refractive in-
dex. Second, a uniform UV light is required for dye bleaching
and complete polymerization of the photo-sensitive polymer.
Third, a baking process further enhances the index modulation
of the hologram formed.

To experimentally carry out the PS with eight pairs of
PE’s shown in Fig. 1 using HOE-based substrate guided wave
optical interconnects, eight input HOE’s are integrated on
a glass substrate to direct the input signals to the desired
directions. The signals are eventually coupled out of the
substrate by another corresponding output HOE’s as shown
in Fig. 2. A two-beam interference method [10] is employed
to fabricate both the input and output HOE’s. An Argon ion
laser operating at 514 nm is used in the hologram recording.
For demonstration purpose, the reconstruction wavelength is
set at 632.8 nm. The diffraction angle for each HOE, which

(a)

(b)

Fig. 3. Experimental results of the PS interconnection with eight PE’s: (a)
interconnecting result for the first subgroup (0! 0, 1! 2, 2! 4, 3! 6)
and (b) interconnecting result for the second subgroup (4 ! 1, 5 ! 3,
6 ! 5, 7 ! 7).

is greater than the critical angle of a BK7 glass waveguiding
plate, is designed to be

(3)

where is the distance interconnecting th and th
HOE’s, is the thickness of the substrate glass, andis
an integer representing the maximum number of the zigzag
bouncing with a distance of in the substrate between the

th and the th HOE’s. The Bragg condition [16] and the
Snell’s law are applied to calculate the diffraction angle in the
holographic medium and then to convert the recording angles
to those in the air. For each interconnection, two individual
photopolymer films are laminated on the waveguiding plate
( 3.35-mm thick) at the designated positions and volume
holograms are then recorded in the films. An optical sig-
nal coupled in by an input HOE is totally internal-reflected
and then correctly guided within the waveguiding plate at a
diffraction angle defined by (3). The zigzagged signal beam is
finally coupled out by the output HOE. Eight pairs of HOE’s
are sequentially fabricated on the same waveguiding plate at
the desired locations as indicated in Fig. 2. The integration
of the HOE’s on a solid waveguiding substrate makes the
PS robust to mechanical and environmental perturbations
when compared with free-space interconnects and which,
with a surface normal configuration, makes the optoelectronic
packaging much more reliable in conjunction with the surface-
mount technology (SMT). In our experiment, the angles of
rotation for eight pairs of HOE’s are designed to be 0(0

0), 20.5 (1 2), 37 (2 4), 48.3 (3 6), 48.3
(4 1), 37 (5 3), 20.5 (6 5), and 0 (7 7),
the two numbers within the parentheses are the corresponding
input and output nodes, respectively; and the corresponding
bouncing angles are 45( 0), 46.3 , 43 (
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Fig. 4. Measured diffraction efficiencies for the eight pairs of HOE’s.

TABLE I
INTERCONNECTIONALLOCATIONS AMONG INPUT AND OUTPUT NODES

2), 43.2 ( 3), 43.2 ( 4), 43 ( 5), 46.3 (
6), and 45 ( 7).

Eight input beams with -polarization are used as the input
optical signals for the PS device. Table I gives the inter-
connection nodes between input and output optical signals.
Fig. 3(a) shows the transform of the first subgroup (00,
1 2, 2 4, 3 6). Other permutations corresponding
to the second subgroup (4 1, 5 3, 6 5, 7 7) are
shown in Fig. 3(b). In Fig. 3, the input optical signals are
also included in the photos to clearly show the PS operation.
The diffraction efficiencies of all HOE’s are measured and the
results are shown in Fig. 4. All data are within 80%5%.
The surface-normal input signals are diffracted by the input
HOE’s and are successfully coupled out in the surface-normal
direction at the desired locations. Among all the interconnect
scenarios, there is no crosstalk observed. Such a configuration
is pivotal for implementing surface normal transceivers such
as vertical cavity surface emitting lasers (VCSEL’s) [17], [18]
and resonant cavity photodetector [19]. One disadvantage of
the device is the optical signal experiences twice the loss of
the input and output HOE diffraction efficiencies.

Other than the PS interconnection for parallel processing
algorithms, this method can also be used to implement other
communication networks critical to parallel computing. These
include butterfly and crossover interconnections, and multi-
stage networks [20], [21].

II. CONCLUSION

A novel approach to implement the optical PS interconnec-
tion by the photopolymer HOE based substrate guided wave
optical interconnects is proposed. Preliminary experimental
results operating at 632.8 nm proves the feasibility. Several
advantages are demonstrated using this method. First, the
perfect shuffle interconnection can be easily achieved by the
surface-normal input and output HOE’s integrated on the

waveguiding plate. The photopolymer films employed can be
easily laminated on the substrate. Second, the integration of the
HOE’s on a solid waveguiding substrate makes the PS robust
against mechanical and environmental perturbations when
compared with free-space interconnects and which makes the
optoelectronic packaging much more reliable. Finally, the
surface-normal configuration makes easy the integration with
VCSEL arrays, and other surface-mountable PE’s.
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