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We have demonstrated for the first time 60 GHz wide-band board-to-board optical 
interconnection with a signal-to-noise ratio of 22 dB. The total interconnection distance is 55 
cm from the input coupling prism to the detector. Board-to-board optical interconnection 
was realized using microprisms which had a measured coupling bandwidth of more than 250 
nm. The graded index of the polymer waveguide allows us to implement such an 
interconnection scheme on an array of substrates. The elimination of backplane interconnection 
greatly enhances the interconnection speed. The implementation of a high-speed on- 
board transceiver in connection with a polymer waveguide lens will generate a fully on-board’ 
optical interconnect involving modulation/demodulation. 

We are reporting for the first time a 60 GHz board-to- 
board optical interconnection using polymer optical buses 
in conjunction with microprism couplers. An intraboard 
interconnection distance as long as 30 cm was previo,usly 
demonstrated.‘. The result demonstrated in this paper em- 
ploys two optical bus boards containing a graded index 
(GRIN) polymer .waveguide?,3 Board-to-board intercon- 
nection was realized using microprism couplers made out 
of LaSF glass. The current performance of state-of-the-art 
electronic systems, especially large computers, is limited by 
electrical interconnects rather than the on-chip processing 
speed. As the number of components per chip and the 
processing speed’ increase drastically, electrical intercon- 
nection becomes inadequate on module-to-module and 
board-to-board levels.4 A multichip module (MCM) for a 
high-speed, highly parallel electronic system (e.g., IBM’s 
System/390 mainframe uses a MCM that holds 121 chips, 
spaced about 3/8 in. apart) was implemented to minimize 
the speed limitation imposed on electrical interconnections 
(EI). However, the intrinsic characteristics of conven- 
tional electrical interconnections jeopardize transmitting a 
l-GHz signal farther than 1 mm.5 The use of transmission 
lines involves ground-plane implementation, which be- 
comes dispersive and results in significant losses from the 
skin effect as the speed increases. 

In this letter, the demonstration of 60 GHz board-to- 
board optical interconnections with distances as long as 55 
cm is presented. The demonstration, used single-mode 
GRIN polymer waveguides in conjunction ‘with micro- 
prisms. The high-speed optical signal .was generated by 
coherently mixing two lasers $i =A cos qt and 
qb2 = B cos wzt. 

At the receiving end, the demodulation ,process in- 
volves a square-law detector which displays the intensity of 
the optical signal as a photocurrent 

where tit,& = w1 - w2, e is the electron charge, r] is the 
CpantUIn efficiency, & iS the photon energy, C(&&) iS 

the frequency response of the detector, and p is the angle 
between the polarized directions of the two light waves. 
The frequency of the beat signal is controlled by the fre- 
quency separation of the two lasers. By coherently mixing 
r/i and &, the. detected signal represented by Eq. ( 1) con- 
tains a combination of the dc part and a modulated part. 
The result represented by Eq. (1) is equivalent to that of 
an optical, wave, modulated at .a microwave frequency 
@b&. The two lasers we employed were a Kiton red dye 
laser (600-640 nm up to 400 mW) and a frequency-stabi- 
lized HeNe laser (632.8’nm, 0.6, mW). The wavelength of 
the dye laser was locked to an external-temperature-stabi- 
lized Fabry-Perot reference cavity. The linewidth and sta- 
bility of both lasers was typically less than 2 MHz. Prop- 
agation of the mixed optical waves from, input port to 
output port is illustrated in Fig. 1 (a). A schematic repre- 
sentation of Fig.. 1 (a) is further depicted in Fig. 1 (b). ,The 

‘coupling stages are not ,shown in ,Fig. ,l (b). Due to the 
GRIN property of the polymer thin filr~,~~~ the optical bus 
boards can be made out of any substrate of interest, such as 
Al2O3, Si, GaAs, glass, PC, board, etc. Our demonstration 
was done using BK-7 glass substrates. The measured opti- 
cal insertion loss from location 1 to location 4 (Fig. 1) was 
-6 dB (excluding Fresnel reflection). The input TEM, 
mode (location 1) and the m dots coupled out at locations 
2 and 4 are shown in Figs. 2(a), 2(b), and 2(c), respec- 
tively. Formation of the well-defined m dots verified the 
quality of the polymer .waveguide. The in-plane scattering 
‘of the optical bus board was very small. The polymer wave- 
guide implemented has a wide optical transmission band- 
width from -300 to -2800 nm.’ As a result, intraboard 
optical interconnections using ultraviolet, visible, and near- 
infrared wavelengths as the signal carrier can be realized. 

I=2 [A2+B:+2C(~,,,,t)~~~ q AB COS(O~~&], (1) 
The experimental setup for the high-speed board-to- 

board optical interconnection is shown in Fig. 3, where the 
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FIG. 1. (a) Photograph of board-to-board optical interconnection using 
polymer-based optical data boards in conjunction with microprisms. (b) 
Schematic of (a). The coupling stages are not shown. 

coherently mixed optical signal is collinearly coupled into 
the first optical bus board through a prism coupler. The 
optical bus board is adjusted such that the tangential com- 
ponents of the electromagnetic fields are continuous at the 
prism/gap/waveguide interface to generate “optical tun- 
neling.” The optical beam containing the @beat [Eq. (l)] 
propagates across the first optical bus board and then cou- 
ples out of the first board using another prism coupler. To 
efficiently couple the optical wave from the first optical 
board to the second one, control of the profile of the beam 

6-Q (6) @ I 
FIG. 2. Near-field images of (a) TEMW laser light at location 1 [Fig. 
l(b)], (b) mode dot at location 2, and (c) mode dot at location 4. 

CENTER 1.57 GHz 
RES BW 1 MHz VBW 3 MHz 

SPAN 300 MHz 
SWP 55 msec 

FIG. 3. Generation, transmission, and detection of 60 GHz signal for 
55-cm board-to-board optical interconnection. 

coupled out from the output prism coupler of the first 
optical data board is extremely important. A good quality 
optical waveguide and an appropriate prism-to-waveguide 
attachment provided us with an output beam with well- 
defined m dots [Fig. 2(b)] which facilitated the coupling 
into the second optical bus board. By employing a similar 
technique, a good-quality m dot was coupled out of the 
second’optical data board [Fig. 2 (c)l. The optical “signal” 
coupled out of the second optical bus board was focused 
onto the detector using an 10 X objective lens. The demod- 
ulation scheme is shown in Fig. 3. The detector is a three- 
stage amplifier circuit consisting of a discrete AlGaAs/ 
InGaAs high-electron-mobility transistor (HEMT)’ in 
series with a two-stage 60 GHz millimeter-wave mono- 
lithic integrated circuit (MMIC) amplifier’ (a complete 
description of the optical mixer/amplifier will be presented 
elsewhere’). The optical mixing takes place in the active 
region of the discrete HEMT device. The 60 GHz output 
was amplified by the MMIC and fed into waveguide via a 
microstrip to coaxial to waveguide transition. The signal 
was then downconverted to intermediate frequencies (l-2 
GHz j using a directional coupler fed local oscillator (kly- 
stron) and a waveguide mixer. In the initial phases of this 
experiment, continuous tuning of abeat from 1 to 25 GHz 
was demonstrated to establish the large bandwidth capa- 
bility of this system. We then switched to the highest fre- 
quency of our new detection system and the result shown 
in Fig. 4 is the heterodyne detected signal at 60 GHz. As 
previously mentioned, the beat signal represented by Eq. 
( 1) is equivalent to a modulated base band signal using a 
high-speed laser diode or an external modulator driven by 
a single-frequency microwave source. The availability of a 
high-speed transceiver will allow us to demonstrate board- 
to-board optical interconnections with fully on-board mod- 
ulation- and demodulation capabilities.‘O~‘l A GRIN poly- 
mer waveguide lens12 can also be used to provide a 
diffraction-limited spot and thus achieve high-speed signal 
detection. 

The experimental results demonstrated in this letter 
conclude that the GRIN polymer waveguide can be used 
as a high-speed optical bus for board-to-board optical in- 
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FIG. 4. 60-GHz signal detected at location 4 [Fig. 1 (b)]. A 22-dB signal- 
to-noise ratio is clearly indicated. 

. . . 
terconnection with speeds as high as 60 GHz and bit error 
rates (BER), of lo- lo (22 dB signal-tolnoise ratio). It 
should be noted that the limit on speed was imposed by the 
system power budget rather than the polymer-based opti- 
cal bus board. A 1 GHz board-to-board optical intercon- 
nection through free space was previously demonstrated.*? 
Here a 60 GHz board-to-board optical interconnection in- 
volving a single-mode polymer waveguide is reported for 
the first time. For the three-dimensional (3D) optical in- 
terconnection demonstrated in this program, board-to- 
board interconnections were realized through free space 
rather than an optical backplane.14 Optical interconnec: 
tions through a backplane introduce an extra degree of 
material dispersion and thus impose a more stringent speed 
limit for 3D optical interconnections. 3D optical intercon- 
nections using holographic optical elements (HOES) turn 
out to be impractical4 due to the required phase-matching 
condition associated with them. Such coupling devices are 
intrinsically narrow band which strictly limits the avail- 
ability of light sources. To cover the required interconnec- 
tion distances using HOE while still maintaining a good 
power budget, the entire area of the detector has to be 
enlarged to compensate for the deviation of the optical 
beam propagation due to the shift of optical wavelength. 
On the other hand, the microprism we employed is a wide- 
band coupler. By fixing the input beam at the coupling 
angle which is phase matched to the effective index of the 
guided wave, a 3-dB coupling bandwidth of more than 250 
nm was experimentally confirmed’ using a Ti-sapphire la- 
ser. Figure 5 shows the demonstrated experimental results. 
Note that such wide-band coupling is realizable only if the 
material dispersion of the GRIN polymer waveguide and 
the prism as a function of wavelength has a coherent pace 
within the full spectrum of optical wavelength tuning. The 
selection .of a microprism with this dispersion characteris- 
tic is a paramount factor in the results presented here. 

In summary, we are reporting for the first time a 60 
GHz board-to-board optical interconnection using poly- 
mer. optical buses in conjunction with wide-band micro- 
prism couplers. A signal-to-noise ratio of 22 dB was exper- 
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FIG. 5. Experimental result of free Space’to polymer-based optical bus 
board coupling using a microprism. A 3-dB bandwidth of more than 250 
nm is shown. 

imentally confirmed which is equivalent to BER of 10 - lo. 
The beat signal, which was 60 GHz in our demonstration,’ 
is equivalent to an optical signal modulated by either an 
external modulator or a laser diode using a 60 GHz single- 
frequency microwave as the modulation source. Implemen- 
tation of a polymer waveguide lens onto the optical data 
board will provide us with a diffraction-limited spot and 
thus ease the demodulation criterion. Finally, the combi- 
nation of a GRIN polymer waveguide and a LaSF micro- 
prism provided us with a 250-nm free space to optical data 
board coupling bandwidth, which is two orders of magni- 
tude higher than for an HOE, 

Physical Optics Corporation’s research is sponsored’by 
SDIO, the Army Research Office, the Department of En- 
ergy and UCLA’s research is sponsored by AFOSR and 
NCIPT. 

‘R. T. Chen, Proc. SPIE, 1374 (1990). 
2R. T. Chen, M. R. Wang, G. J. Sonek, and T. Jannson, Opt. Eng. 30, 

622 (1991). 
3R. T. Chen, W . Phillips, T. Jannson, and D. Pelka, Opt. Lett. 14, 892 

(1989). 
4R. T. Chen, H.. Lu, M. R. Wang, D. Robinson, and T. Jannson, IEEE/ 

OSA J. Lightwave Technol. (to be published). 
‘M. R. Feldman, S. C. Esener, C. C. Guest, and S. H. Lee, Appl. Opt. 

27, 1742 (1988). 
6S. Kawanishi, A. Takada, and M. Saruwatari, IEEE/OSA J. Lightwave 

Technol. 7, 92 (1989). /1 
‘K. L. Tan, R. M. Dia, D. C.‘Streit, L. K. Shaw, A. C. Han, M. D. 

Shelley, P. H. Liu, T. Q. T&h, T. Lin, and H. C. Yen, IEEE Electron 
Device Lett. 12, 23 (1991). 

8L. K. Shaw, D. Brunone, T. Z. Best, B. Nelson, W . Jones, D. Streit, and 
P. Liu, in the Technical Digest of the 15th International Conference,on 
Infrared,and Millimeter Waves (1991), p. 523. 

9D. V. Plant, D. C. Scott, H. R. Fetterman, L. K. Shaw, W . Jones, and 
K. L. Tan, IEEE Photon. Technol. Lett. (in press). ,’ 

‘OS. Y. Wang and D. M. Bloom, Electron. Lett. 19, 554 (1983). 
“S. R. Forrest, Proc. 75, 1488 (1987). 
“R T  Chen Final Report to Army Harry Diamond Lab, Contract No. 

* DAdL02-91-C-0034 ( 1991). 
“A Yang in Integrated Photonics Research, 1991, Technical Digest Se- . , 

ries (OSA, Washington, DC, 1991), p. 590; D. Z. Tsang, Proc. SPIE 
1563, 10 (1991). 

14J. W . Parker, in Topical Meeting on Optical Computing, 1990, Technical 
Digest Series (OSA, Washington, DC, 1990), p. 286. 

Chen eta/. 538 

Copyright ©2001. All Rights Reserved.


