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We present a 83 surface-normal wavelength-selective crossbar using polymer-based volume
holograms. A prototype device is demonstrated using the center wavelength of 775 tyn=ahd

nm. Employment of-pitch graded-index rod lenses reduces the required nine wavelengths to three
while maintaining the &3 interconnects. The diffraction efficiencies of 75%, 83%, and 75% are
experimentally confirmed for wavelength 765, 775, and 785 nm, respectively. Surface-normal
configuration eliminates the conventional edge-coupling scheme which is vulnerable in a harsh
environment. A X3 crossbar is demonstrated with a two-way system insertion loss less than 3 dB
and channel-to-channel cross talk less than 20 dB19®6 American Institute of Physics.
[S0003-695(96)04552-4

Crossbar-based optical interconnects represent the most Four GRIN rod lenses are employed for this demonstra-
desirable network due to their fast switching speed and lowion. The three input GRIN lenses function as collimators for
latency in transmitting high speed signals. In this letter, wethe incoming optical signals while the output GRIN rod lens
report the formation of a surface-normal nonblocking crossfunctions as a focusing element on which a fiber array is
bar based on a unique wavelength switching scheme imtegrated(Fig. 1). The GRIN lenses employed have a para-
which photopolymer-based volume holograms are employefolic refractive index distribution profile of
in conjugation with graded indefGRIN) rod lenses. A pro-
totype polymer-based volume hologram for multiple- 2 )
wavelength X3 crossbar is experimentally demonstrated at n(y)=n(0)( 1=-5vy ) )
765, 775, and 785 nm. The unique beam routing property of
a GRIN lens reduces nine wavelengths to three wavelengthgheren(0) is the refractive index of the GRIN lens axis and
while maintaining the required nin@x3) individual inter- A js the GRIN lens property constant. The paraxial equation
connects. The elimination of edge-coupling significantly en-describing the ray position at the output GRIN lens surface

hances the packaging reliability. Furthermore, such a confrom a zigzag substrate mode with a bouncing anyke
figuration is compatible with the implementation of vertical away from the Bragg conditions

cavity surface-emitting lasers where the characteristic of azi-

muthal symmetry may be maintained in the waveguide tan(A6)

substraté. y(L)=Yyo COSAL)+ ——sin(AL), (©)
The demonstrated device is shown in Fig. 1. The volume

phase gratings recorded in the photopolymer films argnere

slanted. The central wavelength of the input surface-normal

beam, i.e., 775 nm, is designed to be diffracted with a maxi-

mum efficiency at the Bragg andlevhich is 45° in our de- S

sign. The wavelengths that deviate from the center wave- i=11

length are dispersed at different substrate bouncing angles ) )

with less diffraction efficiencies where discrete substrate i i GRIN Lens

modes are generated and zig-zagged within the subétrate.

The schematic of the microstructure of the designed volume

holograms is shown in Fig. 2. The central wavelength bounc-

ing angle §, is set at 45°. For maximum diffraction effi-

ciency at the central wavelength, the grating spacingust

satisfy’
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where\ is the central wavelength is the grating spacing
andn is the polymer refractive index. FIG. 1. Polymer-based volume hologram crossbar for a surface-noexgal 3
nonblocking wavelength selective crossbar. Note that the special character-
istic of the GRIN lens reduces the nine wavelengths to three,ii?g,h)\il
3E|ectronic mail: raychen@uts.cc.utexas.edu =\,=765nm,3% \,=\,=775 nm, and=3_;\;3=\3=785 nm.
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FIG. 2. Phase grating diagram showing phase-matching condgign.and \J
S represent the grating vector, the input wave vector and the output wave
vector, respectively.
A Radius y (mm)
15
L _2mP . -
= — 1 1
A’ @ ~._ | 775mm
. . ) ” Ao HE‘H“*—\ >
In Eq. (4), p is the pitch size of the GRIN lens. Note for a (b) 0 '_ﬂ_ﬂ_,ﬂ-;7 Axis x (mm)
quarter pitch lens, i.ep=1/4, only the second term of Eq. 05 e >
(3) exists. Consequently, incoming beams with the same 1 Aq
wavelength and\# come out from the same spot at the out- s e
put surface of the GRIN lens. In our experiment, the corre- Tdo s 10 15 20 25 30 35
sponding\;; and A¢ for each case of the>33 crossbar in- \J
terconnects are summarized in Table I. Three GRIN lenses
with 1 mm diameter each are used to collimate optical sig- ]
nals to the input holographic coupléFig. 1). An output 4 Radiusy (mm)
GRIN lens is used to separate channels with different zigzag 15 A S
bouncing angles. At the surface of output GRIN lens, rays 1 1
with the same initial bouncing angle converge to the same 05 T NS
spot as predicted by Ed3). Therefore, employment of a . Aoy e >
GRIN lens reduces nine wavelengths to three wavelengths (c) r_d_f_,_,,.»,f/ s x ()
while keeping the required >33 interconnects. Combining 05 s
our crossbar with the fast switching wavelength tunable -1
VCSELs? a nonblocking X3 crossbar interconnect with a 15 ol
nanosecond (I) switching speed can be realized. The vy e e e

bouncing angle differences are provided by the intrinsic dis-
persion of the input volume hologram. The use of GRIN

FIG. 3. Ray tracing of light with different incident angles from three input

lenses provides the capability of surface normal couplinGingularly dispersed light beams onto the quarter pitch output GRIN(&nNs
through holograms and fibers. The vulnerable edge coupling?_;\iy;=X;=765 nm, (b) =%, A;,=X,=775 nm, and(c) =% \;3=X\;
scheme is eliminated. A reliable miniaturized package carr 785 nm.

thus be provided.

In the configuration shown in Fig. 1, three input fibers
each with a collimating GRIN lens are attached surface-
normally to the input volume hologram coupler. The three

2AN 0o
A= ——tan—,

No 2 ©®

persed by volume hologram into three different bouncingdeviation from the center wavelength afiglis the bouncing
angles. The bouncing angle deviation from the center waveangle for the center wavelength corresponding to the perfect

length is described by the coupled wave théawhich gives

TABLE I. Corresponding wavelengths adds of the nine interconnects for

3X3 nonblocking crossbar.

Output\input 1 2 3
1 A6=0.5° A6=0.5° A6=0.5°
N11=765 nm N21=765 nm A31=765 nm
2 A6=0° A6=0° AH=0°
N1,=775 nm Np,=775 nm N3,=775 nm
3 A6=0.5° A6=0.5° A6=0.5°
N13=785 nm Np3=785 nm N33=785 nm

Appl. Phys. Lett., Vol. 69, No. 26, 23 December 1996

phase matching condition. As described by B}, a quarter
pitch output GRIN lens separates light beams with different
bouncing anglesAé is experimentally determined to be
+0.5° with A\g=775 nm andf,=45°. These results are in
good agreement with the theory. The signal beams with a
same wavelength from three separate input fibers are thus
routed to the same spot at the output surface of the quarter
pitch GRIN lens(Fig. 3, where a fiber array is attached
(three fibers in our cage Therefore by using only three
wavelengths, a nonblockingx3 crossbar can be realized.
The address of the sender in this case can be identified
through the header encoded in the optical si§nal.
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FIG. 5. Output spectrum of thex3 crossbar at channels 765, 775, and 785
nm.

765 nm graphic coupler and zig-zagged inside the glass substrate. It
is subsequently coupled out by the output hologram shown in
Fig. 1. The output GRIN rod lens focuses the light onto
© different spots corresponding to different wavelength chan-
nels. A charge coupled devi¢ECD) camera and an eight bit
frame grabber image processing system is employed to take
the pictures. Spot size, channel separation and other param-
eters are experimentally confirmed in Fig. 4. In our experi-
ment, the average channel separation is 260and average
spot size less than 7&m. The average crosstalk is less than
—20 dB. The result is summarized in Table Il. The results
shown in Fig. 4 represents incoming optical signals from one
input fiber having three different wavelengths. The output
spectrum corresponding to the output spots shown in Fig. 4
is further illustrated in Fig. 5. The output spectrum has the
same bandwidth as that of the inpubt shown. The mea-
FIG. 4. (a) Image of GRIN lens output surface showing three-wavelengthsurecj two-way insertion loss is less.than 3 dB. wWe have. not
channel separatioitb)—(d): two-dimensional and three-dimensional near o_bserved any unwanted SpeCtraI shift due to scattering in all
field output mode profiles observed at the end of the output lens by activatiine interconnects.
ing (b), the first input channel(c), the second input channel, and) the In summary, we present a surface-normal nonblocking
third input channel. crossbar based on the wavelength dispersion of a volume
hologram. A 3<3 crossbar containing nine interconnections
The experiment is conducted using@olarized Ti:sap- has been successfully demonstrated with wavelengths of
phire tunable laser pumped by a continuous argon ion lase¥.65, 775, and 785 nm. The unique beam routing property of
DuPont polymer film HRF-600 having a thickness of 2&  the GRIN lenses reduces the required nine wavelengths to
is employed and the hologram is recorded at 514 nm. Th#ee while maintaining the>383 interconnects. Realizing the
volume hologram is fabricated using a two beam interferencéact that the switching speed of semiconductor lasers can be
method’ The wavelength diffraction efficiencies of 75%, as fast as 1 ns, we expect to demonstrate a feasible fully-
83%, and 75% are experimentally obtained for 765, 775, anéhtegrated crossbar using the demonstrated concept.
785 nm, respectively.A microscopic objective couples the This research is sponsored by AFOSR, BMDO, the ATP
light into a single mode fiber which has a GRIN rod lensprogram of the state of Texas, and ARPA'’s Center for Op-
attached at the output end. The input wavelength is monitoelectronics Science and Technology.
tored by an optical spectrum analyzer. The collimated light
from the single-mode fiber is diffracted by the input holo-

IMaggie M. Li and Ray T. Chen, Opt. Let20, 797 (1995.
2H. Kogelnik, Bell Syst. Tech. #8, 2909(1969.
TABLE Il. The measured result of three-wavelength nonblocking crossbar.®*Maggie M. Li and Ray T. Chen, Appl. Phys. Le66, 262 (1995.
4W. M. Rosenblum, J. W. Blaker, and M. G. Block, Am. J. Optometry

Wavelength(nm) Spot size(3 dB) (um)  Channel separatiofum) Physiological Optic$5, 661.
5C. Chang, IEEE J. Quant. Electro?7, 1368(1991).
A =765 nm 75um 8|EEE Standard for Scalable Coherent Interf48€I), IEEE STD 1596
A,=775 nm 75um 250 (1992.
N3=785 nm 75um ’R. T. Chen, S. Tang, M. M. Li, D. Gerold, and S. Natarajan, Appl. Phys.

Lett. 63, 1883(1993.

3992 Appl. Phys. Lett., Vol. 69, No. 26, 23 December 1996 C. Zhou and R. T. Chen
Downloaded-11-Nov-2002-t0-129.116.230.91.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/aplo/aplcr.jsp



