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Abstract—We demonstrate data resynchronization in a multi- Second, the short pulse duration of an ultrafast laser results in
channel chip-to-chip free-space optical interconnect for comple- a |arge spectral bandwidth. This enables system concepts such

mentary metal-oxide—semiconductor (CMOS) using short optical g4 5 gingle-source implementation of wavelength-division mul-
pulses. Operation of the system is shown at speeds of 82 Mb/s per.. . . ;
channel, limited by the repetition rate of the mode-locked laser tiplexed optical interconnects [4], [5], a technique that allows

used. We show explicitly the ability to resynchronize parallel chan- Multiple channels to be transmitted down a single waveguide.
nels and eliminate timing fluctuations; we remove up to+3/8 of a Finally, the low-jitter periodic pulse train from an actively
bit period of interchannel skew and single channel jitter from the  mode-locked laser gives rise to many timing advantages. It can
transmitted signals in a complete interconnect link that includes 46 4 high-quality signal for optical clock distribution [6].
optical transmission, reception, and retransmission of digital data. . . . .
Another clocking benefit could be gained by using short pulses
Index Terms—CMOS integrated circuits, optical intercon- to transmit data: the sharp rising edge of each bit would allow
gircut:lﬁrnosr']iz%%tg:nal tiﬁwuiLs;jsﬁteqrumggsrggtigsewcesy skew removal, i vjified clock recovery. Furthermore, the use of short pulses
' ' ' for both data transmission and clocking would enable large mul-
tichip systems to be run synchronously with a single laser.
I. INTRODUCTION Resynchronization is yet another timing benefit made pos-

PTICAL interconnects offer numerous benefits ovefiPle by the use of sho.rt pu_lses. In this letter, we show t_he
Otheir electrical counterparts, including the potentieﬂIse o_f th_e Iovy-utter periodicity of the mode-loc.ked laser, in
for dense high-bandwidth interconnections, essentially r%)mbma'uon with the gxtremely short pulse duration, to remove
distance-dependent signal loss or degradation, and immunit!i{g” @nd skew. In doing so, we demonstrate the operation of

electromagnetic interference. Virtually all conventional optic& Multichannel modulator-based chip-to-chip optical intercon-

interconnects use continuous wave (CW) lasers, either driV&RCt USing~1-ps optical pulses. Though some features of short

directly or externally modulated. The use of a short puléylse optical interconnects have been discussed previously [7],
laser with a modulator-based system can, however IoroVigi)eourknowledge this represents the first demonstration of such

additional advantages with respect to power requiremerfsSyStem-
system design, and timing issues.

Here, we define short pulse optical interconnects as those
using a return-to-zero (RZ) data format with a very low duty

cycl_e, |.e.,_pulses mL.JCh shorter than a bit period. This format 'STo use the full bandwidth of multiple channels efficiently in a
easily attained by using external modulators to encode data o 5

: . Jallel interconnect, one must ensure good signal synchroniza-
the optical pulse trains of a mode-locked laser. Several asp %
of such short optical pulses provide advantages over a sys

using modulated CW beams. First, the short pulse durationiﬂ
an ultrafast laser can reduce the optical power requirementsﬁg

tical int t11]. It has b h that . | interconnects can effectively remove such interconnect-in-
an optical interconnec [. ] as been shown that recever Sgfiy  ced timing problems, since matching optical path lengths
sitivity increases using impulsive coding [2], [3]. Also, since

. AT . ) reasonably easy for even highly parallel systems. However,
optical power is incident on the transmitters and receivers orfy

. . . i nal timing uncertainty may be present at the transmitters of
during valid output states, the electrical power consumptloné ch a system due to process variations, clock skew, gate delays

rgduced pecause photocurrent is not generated during traﬂ%in dissimilar circuits, and changing local conditions on-chip.
tional periods. This uncertainty can limit the maximum data rate of parallel
interconnects, and minimizing the problem with electrical tech-
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Fig. 2. Eye diagram from one channel of the short pulse interconnect,
Fig. 1. Conceptual illustration of transmitter skew removal with short opticalemonstrating transmission of data from an on-chip pseudorandom data
pulses. generator. The signal is the optical readout of a modulator driven by the
receiver output circuit.

the center of the bit in the timing reference frame of the trans-

mitter chip. By using an array of beams generated from a singfe9enerate a clock signal for an on-chip pseudorandom data
short pulse beam, each transmitter is simultaneously “samplegénerator.

removing interchannel skew as shown in Fig. 1. Similarly, since Thus, the results shown here correspond to data transmitted
an actively mode-locked laser pulse train has very low jitter, tfy modulators on one chip, reception by photodiodes and asso-
short pulse readout (incident on the modulators at the centeciited receivers on a second chip, followed by retransmission

each bit period) removes jitter from each channel, theoreticalying modulators on the second chip with a CW readout beam.
up to£1/2 of a bit. This final modulated beam is analyzed using a Tektronix P6701

detector with a signal bandwidth of 700 MHz, and the output is
recorded using a digital oscilloscope. The short pulse intercon-
nect allows comparisons between CW and RZ operation, and
The chips used in this experiment were fabricated e use it to demonstrate benefits of the short pulse system, such
0.5um silicon complementary metal-oxide—semiconducters the removal of single channel jitter and interchannel skew.
(CMOS) through MOSIS. The optical devices are GaAs
multiple-quantum-well diodes, flip-chip bonded to the CMOS
by Lucent Technologies using a well-established technique [8].
The diodes serve as both modulators and detectors, have a pitdndividual testing of modulators and receiver circuits on a
of 62.5um, and are placed in a series ok120 arrays spaced separate optical probe station with CW beams indicates good
by 125,m. Channels are differential, an architecture allowingerformance to data rates above 750 Mb/s. Using these compo-
better system performance with low voltages. The modulatarents in the short pulse interconnect, we observe an open eye di-
are operated with a 3.3-V swing, providing a contrast ratimgram at the maximum repetition rate of the mode-locked laser,
of approximately 2:1. The nominal operating wavelength B2 MHz. Fig. 2 shows the performance of a single channel at this
850 nm. rate (with an average received optical power of approximately
The optical layout is a free-space setup on milled stainle$80 W per beam), using a CW readout beam on the receiver
steel slotted baseplates that were first described by McCormigtical output. The receiver is neither clocked nor latched, so its
etal.[9]. The system is designed as follows: the incoming inteputput state can be seen to relax to the off state with a charac-
connect laser beam (either pulsed or CW for comparison) is spéitistic time constant (chosen during circuit design to be com-
into a linear array of twenty beams using a diffractive optical epatible with a system running at 1 Gb/s).
ement. The beams are focused to spots with diameters of a feieighboring transmitter channels in the array can be simul-
microns onto the transmitter chip modulators, whose outputs #&a@eously driven with different electrical data signals. Fig. 3
imaged onto the detectors of the receiver chip. The detectors sihews the modulator outputs from the transmitter chip for two of
components of differential receiver circuits that were describéitese channels. The inputs are intentionally skewed by 3/8 of a
previously by Woodwaret al.[10]. The receiver circuits drive bit relative to one another. We monitor one reflected beam from
additional modulators, enabling high-speed optical readout edich differential channel, first for the CW and then the short
the received signal with a dedicated CW laser and optical dailse interconnect. While the interchannel skew remains for the
tector(s). cw-based interconnect, the short pulses effectively remove all
The short pulse laser is a Spectra-Physics Tsunaskiew.
mode-locked Ti:sapphire laser with a repetition rate of approx- With the introduction of up tat3/8 of a bit period of jitter
imately 82 MHz. The transmitter chip is driven with electrica(i.e., 3/4 of a bit peak-to-peak) on the electrical input of a single
signals from a Hewlett-Packard 8133A pulse generator, frevodulator channel, a CW laser-based interconnect transfers that
quency-locked to the laser pulse rate. This pulse generator {igter to the receiver. However, when we use a short pulse inter-
be used to provide data directly to the modulator drivers, oonnect (with the pulses temporally centered with respect to the
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V. CONCLUSION

T ~ ™ [ \ We have used the low-jitter output and short pulse duration
1 i | of a mode-locked laser to demonstrate the removal of up to
. s? . o~ = £3/8 bit of jitter and interchannel skew at 82 Mb/s. In doing so,
g % we have demonstrated the operation of a multichannel optical
g3 . - - 3 interconnect using short optical pulses. The maximum speed of
5 E f ' / i this systemis currently limited by the repetition rate of the laser,
%_“5’ ! } } but tests of the individual modulator and receiver circuits show
o8 / -~ significantly higher system speeds are possible. Advances in

mode-locked laser diodes and fiber lasers suggest that commer-
cialization of suitable high-repetition rate, compact, low-jitter
short pulse sources is possible, making short pulse optical in-
terconnects a feasible alternative to conventional CW intercon-
nects.
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