566 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 11, NO. 5, MAY 1999

Demonstration of Timing Skew
Compensation for Bit-Parallel WDM Data
Transmission with Picosecond Precision

Shuai Shen and Andrew M. Weinavlember, IEEE

Abstract—We demonstrate transmission of seven wavelength- include high pulse energy to induce fiber nonlinearity [4]
division-multiplexed (WDM) bit-parallel channels With a total or lack of high resynchronization accuracyX00 ps) [2].
of 15-nm spectral span over a 2.5-km standard single-mode |, aqgition, the shepherd pulse technique requires that the

fiber/dispersion-compensating fiber link with less than 3-ps tim- . oL
ing skew. The synchronized WDM channels are generated by passive component skew be within the capture range of the

spectrally slicing pulses from a single femtosecond fiber laser Shepherd pulse~5 ps), which complicates the design of
using a femtosecond pulse shaper. The small residual timing skew optical couplers [5]. It is desirable to develop a linear timing-
arises from the residual dispersion slope of the link. We measure a skew compensation technigue to improve the timing alignment
dispersion slope ofD" = 0.017 ps/km/nm’, which is roughly four  5ccracy for future ultrahigh capacity WDM data transmission.
times less than for an eqw_valent_length ofdlspe_rsmn-shlfted fl_ber. In this letter, we demonstrate the timing skew compensation
Our work shows that the dispersion-compensating fiber technique . v T . g
could significantly reduce the timing skew for WDM bit-parallel ~ USing @ combination of standard single-mode fiber (SMF) and
transmission over a several-kilometer fiber link. dispersion-compensating fiber (DCF). Highlights of this work
Index Terms— Dispersion compensation, femtosecond pulse include: 1) generation of seven synchroniz_ed WDM channels
shaping, fiber transmission, timing-skew compensation, wave- Over a 15-nm wavelength span from a single femtosecond
length-division multiplexing. pulse; 2) demonstration of less than 3-ps timing skew over
a 2.5-km dispersion compensated fiber link, limited by the
third-order dispersion; and 3) first direct measurement of
small residual dispersion slope4 times less than dispersion-
HE DEMAND for higher data rate communications hashifted fiber (DSF)] in a several-kilometer fiber link dispersion
grown substantially in parallel processing computer negompensated with picosecond accuracy. To our knowledge,
works [1]. Difficulties in producing electronic circuits (seri-this is the first report of linear timing skew compensation for

alizer/deserializer, etc.) with required speeds at a reasonafileparallel WDM transmission with picosecond precision over
cost limit interconnections based on the conventional serigiometer fiber links.

data transmission format. Bit-parallel wavelength-division-
multiplexed (WDM) data transmission has been proposed Il. EXPERIMENT AND RESULTS

as an alternative strategy for computer communications [1], . .
[2]. In this technique, each bit of a byte (or word) of data When synchronized WDM wavelengths are launched into a

is transmitted at a separate wavelength, and WDM is us%témdard SMF, they will arrive at the receiver end at different

to transmit the data bytes over a single fiber. Since thignes due to the GVD of the fiber link. The dispersion effect

transmission of data in parallel form (serial-by-byte, paralle?—an be expressed in terms of the variation in the group delay

by-bit) is compatible with computer architecture, electronit®" unit lengthil(w) with respect to deviations in wavelength

bottlenecks are reduced. The attractive feature of WDM bft> follows:

parallel transmission versus fiber ribbons [3] is that the timing D(\) = dT(w) _ d <@)
misalignment imposed by multiple path lengths and complex d dA\ dw
connectors is eliminated. However, the timing skew between =D(A) +D'(A)A=A)+---. (1)

different bits due to the group velocity dispersion (GVD) of , o )
the fiber link is still 2 major problem. Several techniques haJd€’® ~ means derivative with respect to wavelength 3

been proposed to deal with this timing skew. These techniqd@/sthe frequency d_epenc_zlent PfOPaQa“O”_ constaX..) and
include the use of dispersion-shifted fiber [1], electronic bif’ (*e) aré the dispersion and d|erJlerS|on 2Iope. They are
realignment in the receiver [2], and a shepherd pulse technid§iated 1z and s, where/,, = ((d"3)/(dw™))w=c. [6].

[4] based on nonlinear optics. Drawbacks of these techniquyS GVD induced timing skew can be substantial00 ps)
when the length of a SMF transmission link is over several
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I. INTRODUCTION
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Fig. 1. Experiment setup for the generation of WDM multiple wavelength 1545 1550 1555 1560 1565 1570
channels and for timing skew measurement. LCM: Liquid crystal modulator
array. H1, H2: Half-wave plate. L1, L2: Lens. G1, G2: Grating. PBS:

Polarization beam splitter. PC: Polarization controller. Fig. 2. Spectra of seven WDM wavelength channels after the amplitude
equalization (log scale).
transmission applications [6]. We constructed a dispersion

compensated fiber link by concatenating a standard SMiych of the third-order dispersion of SMF. Our previous
and a carefully chosen DCF. The overall dispersion of thgork showed that 250-fs pulses could be transmitted over this

Wavelength (nm)

compensated link is given by link with only ~ two times pulse broadening as limited by
Dyt X Lot + Dgcr X Lycr the residual dispersion slope [6]. Our current work shows the
D= ) ; 1Sk . WS
Loms + Lact reduction of timing skew for WDM bit-parallel transmission

where D,y and Dy are the 2nd order dispersion of SMFovgrthis Iir_lk and proyides amore acgurate measurement of the
and DCF, respectively..,.; and Lq.; represent the lengths of "ésidual third-order dispersion. The timing-skew of the 2.5-km
the corresponding fibers. The SMF and DCF have the opposfigPersion compensated link was measured by comparing the
sign of second-order dispersion and dispersion slope. With &hative timing position of each individual wavelength channel
optimal length ratio between them, DCF will cancel out all thBefore and after the link. This was accomplished through
second-order dispersion of SMF and partially compensate {REENSity cross correlation using second-harmonic generation
third-order dispersion. In our current work, we demonstraf®HG) with a short reference pulse derived from the fiber
that this SMF/DCF fiber link can reduce the timing skew fol@ser. The experiment was performed with one wavelength
WDM bit-parallel data transmission to a picosecond range. TRBannel turned on at a time. To suppress laser jitter effects
remaining timing skew is limited by the residual third-ordefnd environmentally induced timing changes, we launched
dispersion and is less than 3 ps over our 2.5-km link. both the signal pulse~6.5 ps FWHM for one channel) and
The experimental setup for generating synchronizébe reference pulse~0.5 ps FWHM) into the 2.5-km link
multiple-wavelength channels and for timing skew meavith ~900 ps delay in between and separated them at the end
surement is shown in Fig. 1. A stretched-pulse passivépy the link for the cross correlation measurement. The power
mode-locked fiber ring laser [9] generating 150 fs [full-widthevels were kept low enough to avoid any fiber nonlinearity
at half-maximum (FWHM)] pulses at 35-MHz-repetition ratdn the link.
serves as a broad-band source. The synchronized multipleFig. 3(a) shows seven well-aligned signal pulses (bits) at
wavelength channels were derived from the femtosecond lagéferent wavelengths before the transmission link. The timing
pulses using a modified pulse shaper, which is equippgtsalignment {525 ps estimated) incurred in the 2.06-km
with a 128-pixel liquid crystal modulator array (LCM) [10]. SMF is compensated by DCF. Fig. 3(b) shows measurements
We used the pulse shaper-LCM combination as a voltagé different wavelengths (bits) after the SMF/DCF link. The
programmable amplitude modulator with independent contrefoss-correlation traces of seven signal pulses show similar
over different wavelength components. A total of sevepulsewidth ¢-6.5 ps) and pulse shape before and after the link.
wavelength channels~0.83-nm FWHM per channel) with The timing skew of the dispersion compensated link [i.e., the
channel separatiorn2.5 nm were generated over a 15-nm spaghfference between Figs. 3(b) and 3(a)] is shown in Fig. 4. A
from the initial femtosecond pulse. The on—off contrast ratio éfiaximum of only 2.4-ps timing skew was observed over the
each channel reaches 30 dB. By applying appropriate voltagésnm spectral span. Based on the timing variations of several
on the LCM, we were also able to equalize the amplitudésdependent measurements, we estimate the timing accuracy
of each individual wavelength channel, which vary &3 of our measurement reach#9.2 ps. The quadratic nature of
dB before equalization. Fig. 2 shows the equalized spectratbé wavelength dependent time delay shown in Fig. 4 indicates
seven channels generated from the pulse shaper. The tinting timing skew over the link is limited by the residual 3rd
skew compensation was accomplished by concatenatingoraer dispersion of the compensated link. From our data, we
2.06-km standard SMF (AT&T 5D)Ip = 17 ps/km/nm, calculate a zero net dispersion at 1562 nm with a dispersion
D' = 0.06 ps/km/nni at 1550 nm) and a 0.44-km length ofslope D’ = 0.017 ps/km/nn¥ (3; = 0.027 ps’/km). The
DCF [6], [7]. The DCF 0 = —76 ps/km/nm,D’ = —0.2 accuracy of thed; measurement for the 2.5-km fiber link is
ps/km/nn?) compensates the second-order dispersion aestimated to be:0.003 ps/km. This result is consistent with



568

A/L\ﬂ nm

6
, 1563.9 nm
/ ' AN 1561.4 nm

4
1558.9 nm
1556.5 nm

.
1554.0 nm
/ . 1551.5 nm

-20 -15 -10 -5 0 5 10 15 20

Cross-correlation traces

Time (psec)

(@)

/ N 1566.4 nm

l 1563.9 nm

——M nm
o
1558.9 nm
1556.5 nm
.
1554.0 nm

T

Cross-correlation traces

-20 -15 -10 5 0 5 10 15 20
Time (psec)
(b)

Fig. 3(a).
(b) after the transmission link. Dashed line: Peaks position fitting.

Timing skew of 7 channels (psec)

-3 T T T T T T T T
1550 1552 1554 1556 1558 1560 1562 1564 1566 1568

Channel wavelength (nm)

Fig. 4. Measured timing skew of the 2.5-km dispersion compensated link.
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our previous estimation of the dispersion slopl & 0.026

Seven signal pulses (bits) at different wavelengths (a) before and
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of the residual dispersion. Our current experiment provides a
direct measurement of residual dispersion slope and therefore
gives a more reliable result. The measured dispersion slope
is ~4 times less that of DSFI] ~ 0.06 ps/km/nrf). It
indicates the timing skew over a dispersion compensated fiber
link is significantly smaller than that over a DSF link with
equivalent length. We note that with3 ps timing-skew as
demonstrated in our experiment, the aggregate data throughput
in a timing-skew limited WDM bit-parallel transmission link
could reach over 100 Gbytes/s for future ultrahigh capacity
computer networks.

I1l. CONCLUSION

We have demonstrated timing-skew compensation for seven
WDM bit-parallel transmission channels ovel5 nm spectral
span with a resynchronization error &f3 ps in a 2.5-
km dispersion compensated link. Our work shows that the
DCF technique can significantly reduce the dispersion induced
timing-skew and increase the throughput for ultrahigh capacity
WDM data transmission.
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