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A Three-Dimensional (3-D) Substrate-Guided-Wave
to Free-Space Multistage Optoelectronic
Interconnection Using Wavelength Division
Multiplexing and Space Division Demultiplexing

Maggie M. Li, Suning Tang, and Ray T. Chen, Member, IEEE

Abstract— An integrated 3-D guided-free-space four-stage op-
toelectronic fan-out (6 x 6, 2 X 6, 6 X 6, and 2 X 6) in-
terconnect using wavelength division multiplexing (WDM) is
proposed and then demonstrated together with 40 (2 x 4 x 5)
3-D optoelectronic fan-outs using space division demultiplexing
(SDDM). This channel separation is one order of magnitude
smaller than that using wavelength-selective detecting techniques
in WDM. A signal to noise ratio of 57 dB is experimentally
determined, with two channel 40 (2 x 4 x 5) fan-outs having
a channel separation of 600 xm in SDDM. The interconnection
scheme presented herein allows each pixel in a transmitting
plane to communicate simultaneously and reconfigurably with
many pixels in the subsequent planes in a truly 3-D feature.
This system can utilize vertical cavity surface emitting laser
diodes, photo detecting planes, and planar compact guided-
free-space fan-out interconnects, allowing compact multistage
integration. By using 2-D spatially separated or multiplexed
hologram arrays on a thin light guiding plate, the interconnection
capability is greatly enhanced as compared to other techniques.
This novel optoelectronic interconnect technology may have wide-
spread applications in microelectronic systems and . fiber-optic
communication networks.,

[. INTRODUCTION

HE ABILITY to efficiently connect many high-speed
ports or “smart” pixels is of critical importance for
large-capacity communications. A high bandwidth, free-space
optical interconnect can be used to achieve such an intercon-
nection and to avoid the bottlenecks associated with electrical
interconnects [1]-[3]. Some promising solutions have been
investigated recently through employing 2-D vertical-cavity
surface-emitting laser (VCSEL) arrays and microlens arrays
[4]-(8]. These are all feasible approaches in which all of
the “microbeams” propagate at the same angle, so that the
difficulties associated with the multiple individual alignments
in three spatial and three angular coordinates with very narrow
tolerance are no longer present. However, existing solutions
do not resolve the interconnection scenario where one pixel
in one plane is required to communicate simultaneousty and
reconfigurably with many pixels in the subsequent planes.
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One of the previous solutions involves etching holes in each
substrate plane, establishing a fixed configuration between any
two planes [4]. Very recently, a novel solution [5], based on
wavelength division (de)multiplexing [WD(D)M], is proposed
to incorporate several multiple wavelength VCSEL’s into
each transmitting pixel and wavelength selectivity into each
subsequent detecting plane. Because each subsequent detecting
plane is designed to absorb only one wavelength and is
transparent to all others, a 2-D transmitting plane can thus
communicate simultaneously and reconfigurably with many
subsequent detecting planes.

In this paper, we report the demonstration of a new so-
Iution that employs guided-free-space optical parallel fan-out
interconnects. It provides the advantages of such exclusive
characteristics of optical interconnects as high packing density,
massive single-wavelength fan-outs, and wavelength multi-
plexibility [6], [7]. Unlike the previously reported research
[4], [5], [8], the interconnection scheme presented herein
(see Fig. 1) allows each pixel in a transmitting plane to
communicate simultaneously and reconfigurably with many
pixels in the subsequent planes with a truly 3-D feature.
Moreover, WD(D)M configuration can be maintained while
extending into space-division-demultiplexing (SDDM) based
on the fact that each VCSEL is spatially separated in the
transmitting plane. As a result, each channel does not need
to have many laser diodes operating at different wavelengths
in order to facilitate the spontaneous communications with
many pixels in the detecting planes [5]. This new approach
significantly reduces the fabrication requirements imposed on
the laser diodes (with multiple output wavelengths) and on the
photodetectors (with wavelength selectivity). A one-to-one 2-
D interconnect scheme is extended into a one-to-many 3-D
one.

The schematic of the new optical interconnect, illustrating
the basic concepts of the 3-D multistage multichannel fan-
out operation, is shown in Fig. 1. It consists of a transmitting
plate, two receiving plates, and two light-guiding plates.
The transmitting plate is composed of VCSEL’s and their
electronic driving circuits, emitting light beams at different
wavelengths. It should be noted that the uniform VCSEL’s,
emitting light beams at a single wavelength, may also be
employed as the case of a non-WDM multichannel optical
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Fig. 1. A schematic diagram of the 3-D multistage multichannel optoelec-
tronic fan-out interconnect.

interconnect system. Each detecting plate consists of a 2-
D array of regular p—i-n detecting pixels. The light-guiding
plates, shown in Fig. 1, are made out of thin light transparent
plates in conjunction with 2-D arrays of multiplexed wave-
guide holograms fabricated on its surface. The laser beams
from the transmitting plate can propagate through ail light-
guiding plates due to the transparent characteristic of the plates
at the wavelengths of interest. An input holographic coupler
is designed and fabricated on the surface of each light-guiding
plate (see Fig. 1). A sizable portion of the laser beam can be
coupled into the plate and then get guided within the plate
due to total internal reflection (TIR) effects. Two-dimensional
surface hologram arrays are further fabricated on the surface
of the thin light-guiding plate to convert the input substrate
guided waves into a linear array of parallel substrate waves
and then to generate a 2-D array of surface normal beams.
The optical signal carried by each fan-out beam is detected by
the corresponding photodetector at the receiving plates.

Utilization of transparent plates as beam-guiding and fan-
out devices provides the freedom of an additional intercon-
nection dimension while maintaining the device packaging
compactness. Formations of the surface normal fan-out beams
and of the planarized compact device structure convert the
difficult three spatial and three angular multiple alignment
problems into a single step 2-D manageable one. Optical
fan-out beams with different wavelengths can be distributed
to all the pixels affiliated with the corresponding detecting
planes. Any permutation of the fan-out beams can be arranged
without blocking the substrate guided-wave propagation inside
the light-guiding plates, and the presence of each fan-out beam
for each channel (determined by the presence of the fan-out
hologram), can be independently designed [7].

To demonstrate the proposed idea in our experiments, we
use the He-Ne (632.8 nm) and Argon laser (514.5 nm)
beams as the input signals instead of the VCSEL’s. The 2-
D waveguide hologram arrays are employed [6], [7], [9],
[10], which are made out of a thin dichromate gelatin (DCG)
film, having a measured thickness of ~30 pm. The DCG
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has a refractive index of ~1.5 which is equivalent to that
of the thin glass (BK-7) substrate. Thus, the substrate guided
beams interact with the holograms on the glass surface without
facing an index change. There are many degrees of freedom to
rearrange and then to select different kinds of holograms in the
2-D hologram arrays [6], [7], [9], [10]. The output power of a
fan-out beam can be precisely calculated and experimentally
controlied. Different methods to design and to construct the
holograms discussed above have been given in our previous
publications [11], [12].

Fig. 2(a) is an experimental demonstration of a two channel
(A1 = 0.6328 pm and Xy = 0.5145 pm) four-stage optical
multiplexing fan-out interconnect system using WDDM. In
this demonstrated system, the optical signal carrying wave-
length of Ay = 0.6328 um is coupled into the first and the
third stages, while the optical signal carrying wavelength of
Ao = 0.5145 um is coupled into the second and the fourth
stages. 3-D 1- to 36-surface normal fan-out' devices [6] are
employed at the first and the third stage. And 3-D 1-to 12-
surface normal fan-out devices are employed at the second
and the fourth stages. The far field beam profiles of the two
surface normal fan-out devices are shown in Fig. 2(b) and (¢),
respectively.

The analysis and the fabrication details of the 3-D 1- to
12-surface normal fan-out devices are about the same as those
of the 3-D 1 to 36 surface normal fan-out devices. The only
difference is the reconstruction wavelengths. For the 3-D 1-
to 36-surface normal fan-out interconnect [Fig. 2(b)], .each
surface normal fan-out beam experiences three holograms,
ho, hmn, and h,, with diffraction efficiencies of 7, = 70%,
Nmn = 10%, and 7, = 19%, respectively. The hologram h,
is the input coupler designed to couple the surface normal
input laser beam into a subsirate guided beam with bouncing
angle 6, = 45°. h,,, is designed to deflect the substrate-
guided beam into a linear array of beams with bouncing
angle 6, = 45°. h, is designed to couple the linear array
of substrate-guiding beams into a 2-D array of surface normal
fan-out beams. The fan-out efficiency for each fan-out beam
is given by [6]

n(m, 1) :nonmnl(l — Nmnl — 77mn2>m‘l

m:172737"' : (1)
N(m, n) =77077n(1 — mnl — 77mn2)m(1 - nn)n_l

n=234, . @)

To construct the multi-stage optical interconnect system
shown in Fig. 1, flip-chip bonding technology .can be em-
ployed [13]. One of the most important concerns utilizing
this technology is the optical/mechanical angular:alignment
tolerance. The angular misalignment tolerance of the device
presented herein must be within the limits that the existing
technology can provide. To determine the angular misalign-
ment tolerance of the light-guiding plate, coupled-mode theory
[14} can be applied with

B sin? (v + 52)1/2
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(a) Photograph of a two-wavelength four-stage optical fan-out interconnect system using WDDM. (b) Photograph of the far field beam profiles of

the first and the third stage 1- to 36-surface normal fan-out interconnect (A = 0.6328 um). (¢) Photograph of the far field beam profiles of the second
and the fourth stage 1- to 12-surface-normal fan-out interconnect (A = 0.5145 pm).

where
» R 7T7),1d (4)
" Xcos?§ — K cosf cosp/G)1/2
and
_ ABKdsin (¢ - 6)
" 2(cos § — K cos $/f)
AXdK?
= (5)

= 8mn(cos 6 — K cos $/8)"

In (3)~(5), 8 is the incident angle, ¢ is the grating slant
angle, d is the thickness of grating, K is the grating wave
number, n and ny are the refractive index and the index
modulation of the grating medium, respectively, and Af# and
A represent the angular and wavelength deviations.

Based on (1)—(5), the tolerance of device angular mis-
alignment can be determined for any pixel of the multi-
stage interconnects network. Both theoretical and experimental
results of the diffraction efficiency are plotted in Fig. 3 where
the normalized intensity of a fan-out beam (5, 5) (the 5th
row and 5th column fanout) of Fig. 2(b) versus input angular
misalignment is provided. The full-width at half-maximum
(FWHM) of the diffraction efficiency curve is larger than
+0.5°. Such a large angular alignment tolerance is well
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Fig. 3. Theoretical and experimental results of the fan-out efficiency versus
angular misalignment of input beam, where incident angle 6, = 0°,
diffraction angle ¢o — 45°, 0o = T0%, Nmn = 10%, 7n = 19%, and
measured hologram thickness d = 30 pm.

within the limit that flip-chip bonding technology can pro-
vide (~0.01°) [13]. In our experiment, angular alignment is
controlled within 0.1° and there is less than 5% intensity
fluctuation.

As one of the exclusive characteristics of optical intercon-
nect, WD(D)M can be employed to increase the information
bandwidth of this multistage optical interconnect, involving
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Fig. 4. Theoretical plot of fan-out efficiency versus wavelength deviations
with the grating parameters of 7, = 70%, %mn = 10% and 7, = 19% of
the fan-out interconnect shown in Fig. 2(b).

massive surface-normal fanout beams. Using a DCG recording
medium with a high index modulation of 0.2, we can spatially
multiplex a large number of holograms designed for different
wavelengths [11], [12]. In WD(D)M operations, the transmit-
ting plane shown in Fig. 1 can be replaced by an input fiber
array, where each fiber carries many wavelength channels.

The device wavelength selectivity, produced by the 2-D
hologram array on the surface of the light-gniding plate, is an
important design parameter. Fig. 4 plots the normalized fan-
out efficiency versus wavelength deviations based on (1)—(5),
using experimental parameters (1, = 70%, 7mn = 10%, and
n = 19%) of the fan-out interconnect of Fig. 2(b). It shows
that a minimum of 3 nm wavelength separation is needed to
keep channel crosstalk under 30 dB in WD(D)M operation.
This channel separation is one order of magnitude smaller than
that obtained by wavelength-selective detecting technique [S].

For a VCSEL array, each laser diode is spatially separated.
To take advantage of this fact, space-division-demultiplexing
(SDDM) can be applied, where each laser diode is linked with
its own 2-D waveguide hologram arrays on the light-guiding
plates. Each 3-D massive fanout interconnection needs only
one VCSEL and is separated from the other 3-D interconnects
in space. With this novel approach, there is no need to operate
each pixel with a different wavelength. Furthermore, there is
also no need to have many laser diodes (operating at different
wavelengths) in each pixel to facilitate the multiple inter-
plane parallel communications with many pixels at different
detecting planes. This approach significantly reduces the re-
quirements imposed on the VCSEL array and photodetector
array as compared to the previous research [5].

To demonstrate the SDDM, 2-D waveguide hologram arrays
(2 x 4 x 5) are fabricated on a glass substrate of thickness
100 pm. They are designed for a Toshiba visible laser
diode (A = 0.67 pm). The designed spatial separation of the
SDDM signal affiliated with each pixel is 600 ym. Fig. 5is a
photograph of the device, clearly showing two SDDM signals
with 40 (2 x 4 x 5) optical fan-outs. Two collimated Toshiba
visible laser diodes are employed as two input lasers. In order
to determine the crosstalk between the two channels, the two
laser diodes with equal output power, are modulated at two

different frequencies of 0.7 and 0.9 MHz, respectively. The
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Fig. 5. Photograph of a compact optical interconnect with two channel 40
(2 x 4 x 5) fan-out using SDDM. .
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Fig. 6. The measured RF spectrum from the fan-out beam (4, 5) shown in
Fig. 2(b).

ik B R R A Y

ATH® 40 dB mees

RBW¥ 1@k gWE T
START  S@B kH:z STOP (.5 MHz

crosstalk level at the position of (4, 5) of Fig. 2(b) is measured
by Newport Optical Power Meter (Model 818J25) through a
15 pm diameter aperture carefully aligned to the center of one
laser beam. Fig. 6 shows the measured RF spectrum, where
the crosstalk level is determined to be —57 dB.

In conclusion, an integrated 3-D guided-free-space four-
stage optoelectronic fan-out (6 X 6,2 X 6,6 X 6, and 2 x 6)
interconnect using WD(D)M is proposed and demonstrated
together with 2 x 4 x 5 3-D optoelectronic fan-out using
SDDM. This channel separation is one order of magnitude
smaller than that using the wavelength-selective detecting
technique in WDDM. The signal to noise ratio of 57 dB
is further experimentally determined, with two  channel 40
(2 x 4 x 5) fan-outs having a channel separation of 600
pm in SDDM. The interconnects. presented herein allow each
pixel in a transmitting plane to communicate simultaneously
and reconfigurably with many pixels in the subsequent planes
in a truly three-dimensional feature. More importantly, the 2-
D arrays of the surface gratings on the thin light-guiding plate
can be made out of surface-relief gratings, fabricated directly
on the surface of any light transparent plates using standard
VLSI fabrication technologies (binary optical technologies
(151, [16]).



LI et al.: A 3-D SUBSTRATE-GUIDED-WAVE TO MULTISTAGE OPTOELECTRONIC INTERCONNECTION

(1

2

—

31

[4]
{51

(6

=

[7]

(8]

91

{10]

[11]

(12)

[13]

(14}

[15]
{16]

REFERENCES

J. W. Goodman, “Optics as an interconnect technology,” in Optical Pro-
cessing and Computing, H. H. Arsenault, T. Szoplik, and B. Macukow,
Eds. New York: Academic, 1989, pp. 1-20.

H. S. Hinton, “Progress in systems based on free-space interconnection,”
in Proc. SPIE, vol. 1849, 1993, pp. 1-2.

M. R. Feldman, S. C. Esener, C.C. Guest, and S. H. Lee, “Comparison
between optical and electrical interconnects based on power and speed
considerations,” Appl. Opt., vol. 27, pp. 1742-1751, 1988.

A. Dickinson and M. E. Prise, “Free-space optical interconnection
scheme,” Appl. Opt., vol. 29, pp. 2001-2006, 1990.

A E. Willner, C. J. Chang-Hasnain, and J. E. Leight, “2-D WDM optical
interconnections using multiple-wavelength VCSEL’s for simultancous
and reconfigurable communication among many planes,” Opt. Photon.
News, vol. 4, no. 12, pp. 20-21, Dec. 1993.

S. Tang and R. T. Chen, “1-to-42 Optoelectronic interconnection for
intra-multichip-module clock signal distribution,” Appl. Phys. Lett., vol.
64, no. 22, pp. 2931-2933, 1994.

, “Substrate modes one-to-many point-to-plane highly parallel
optical interconnects for optical clock signal distribution in wafer scale
VLSI circuits,” in Proc. SPIE, vol. 2053, Jan. 1994, pp. 78-85.

S. Tang, R. T. Chen, D. Gerold, and M. M. Li, “Design considerations of
highly parallel free-space optical interconnects based on arrays of verti-
cal cavity surface-emitting laser diodes, microlens and photodetectors,”
in Proc. SPIE, vol. 2053, Jan. 1994, pp. 323-333.

M. R. Wang and T. Janson, “Substrate wavelength-demultiplexing
optical interconnects based on superimposed holographic gratings and
three-dimensional bragg diffraction,” Opt. Lett., vol. 18, pp. 2068-2070,
1994.

M. M. Lj, R. T. Chen, S. Tang, and D. Gerold, “Angular limitations of
polymer-based waveguide holograms for 1-to-many V-shaped surface-
normal optical interconnects,” Appl. Phys. Lett., vol. 65, no. 9, pp.
1070-1072, 1994.

R. T. Chen, S. Tang, M. M. Li, D. Gerald, and S. Natarajan, “1-to-
12 surface normal three-dimensional optical interconnects,” Appl. Phys.
Lett., vol. 63, no. 14, pp. 1883-1885, Oct. 4, 1993.

‘R. T. Chen, D. Robinson, H. Lu, M. R. Wang, T. Jannson, and R.
Baumbick, “Reconfigurable optical interconnection network for multi-
mode optical fiber sensor arrrays,” Opt. Eng., vol. 31, pp. 1088-1105,
1992.

J. W. Parker, “Optical interconnection for advanced processor systems:
a review of the ESPRIT II OLIVES program,” J. Lightwave Technol.,
vol. 9, pp. 1764-1773, 1991.

M. R. Wang, G. J. Sonek, R. T. Chen, and T. Jannson, “Large fanout
optical interconnects using thick holographic gratings and substrate wave
propagation,” Appl. Opt., vol. 31, pp. 236-249, 1992.

W. B. Veldkamp and T. McHugh, “Binary Optics,” Scien. Amer., pp.
92-97, May 1992.

V. V. Wong and G. J. Swanson, “Binary optical interconnects: Design,
fabrication and limits on implementation,” in Proc. SPIE, vol. 1544,
1991, pp. 123-133.

369

Maggie M. Li joined the optoelectronic intercon-
nect group at the Microelectronics Research Center,
Electrical and Computer Engineering Department at
the University of Texas at Austin. She is now doing
research on wavelength division (de)multiplexers
using polymer-based waveguide holograms. Her re-
search interests include optoelectronic interconnect,
computer architecture, nonlinear optics, and holo-
graphic memory. She has published over 20 papers.

Suning Tang received the B.S. degree in electrical engineering from the
Nanjing Institute of Technology, Nanjing, China, in 1984, the M.Sc. degree
in applied physics from Weitzmann Institute of Technology, Rehovet, Israel,
in 1989, and the Ph.D. degree from the University of Texas, Austin in 1994.

He has been with Radiant Research, Inc., since 1994, serving as a re-
search engineer and senior research engineer. His current research includes
optoelectronic interconnects, polymer-based waveguide devices and integrated
electro-optic devices.

Dr. Tang has more than 30 publications in journals of the IEEE, OSA,
SPIE, and in Applied Physics Letters. He is an active member of OSA and
SPIE.

Ray T. Chen (M’91) is currently a Faculty Member of the Microelectronics
Research Center at the University of Texas, Austin. He was with Physical
Optics Corporation, Torrance, CA, from June 1988 to August 1992. He has
been a principal investigator for more than 40 awarded research proposals
sponsored by many subdivisions of DOD, NSF, DOE, NASA, and other
private industries such as Cray research, GE, Honeywell, Boeing, Physical
Optics Corporation and Novex Corp. His research topics cover 2-D and 3-D
optical interconnections, polymer-based integrated optics, polymer waveguide
amplifiers, graded index polymer waveguide lens, active optical backplanes,
traveling wave electro-optic polymer waveguide modulators, GaAs all optical
cross bar switches, holographic lithography and holographic optical elements.

Dr. Chen has served as the chairman and a program committee member
for more than 20 domestic and interantional conferences organized by SPIE
(The International Society of Optical Engineering), IEEE and PSC. He is
also an invited lecturer for the shourt course of optical interconnects fosr the
international technical meetings organized by SPIE. He has more than 150
publications, including 25 invited papers. He has served as a consultant for
various federal government agencies and private companies. He is an active
member of LEOS, SPIE, OSA, and PSC.



