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Intersymbol Interference and Timing Jitter
Measurements in a 40-Gb/s Long-Haul
Dispersion-Managed Soliton System

Heider N. Ereifej, Ronald Holzléhner, Gary M. Cart&enior Member, IEEEand Curtis R. Menyukellow, IEEE

Abstract—In this work, we have measured timing jitter in eye pattern using a digital sampling oscilloscope, and second,
a 40-Gb/s dispersion-managed soliton system. By accurately by using a frequency domain analysis of the detected pulse train
separating out the Gordon-Haus timing jitter from the overall 5] \we then compare the results with our theoretical model.
timing jitter, we have demonstrated that intersymbol interference - . -
limits the errorfree propagation distance in our system. Finally, Frqm -these detailed measuremgnts, we investigate the system
we show that amplitude noise can enhance the measurement oflimitations and tolerance to nonlinear pulse overlap. From the
timing jitter, which can lead to inaccuracy in determining the true  experimental data, analysis, and theoretical modeling, we were
system limitations. able to separate the timing jitter due to pulse overlap from that

Index Terms—Optical communications, solitons, timing jitter. due to the Gordon—Haus effect.

I. INTRODUCTION

N MOST SYSTEMS today, timing jitter and amplitude
fluctuations are the key effects that ultimately limit errorfree A 4.5-ps full-width at half-maximum (FWHM) 10-Gb/s
propagation. As channel capacity increases to 40 Gb/s gndse train produced from a commercial mode-locked fiber
beyond, the dependence of the bit-error rate on these effdeger (PriTel) was coded with2® — 1 pseudorandom binary
becomes more sensitive, and they must be more tightly ca@@quence (PRBS) using a LiNp@tensity modulator. The data
trolled. Thus, a careful experimental determination of timingtream was then optically multiplexed to produce the 40-Gb/s
jitter and amplitude fluctuations is necessary for predictingjgnal. All of the pulses were copolarized. The recirculating
system performance. loop consisted of four identical dispersion maps, and each
Recently, there have been several experimental demonstrap contained 25 km of dispersion-shifted fiber (DSF) with
tions of long-haul 40-Gb/s based dispersion-managed solitardispersion of—1.1 ps/nmkm that is followed by 1.5 km
(DMS) systems [1]-[3]. In most of these experiments, the errapf standard single-mode fiber (SMF-28) with a dispersion of
free propagation distance was limited by timing jitter. In most7 ps/nmkm. Each dispersion map contains an erbium—doped
DMS systems, the effects of nonlinear pulse interference dilger amplifier (EDFA) to offset the fiber and other component
minimized and controlled by careful design of the dispersidnsses. The optical peak power at the launch point into the
map. As a result, most of the accumulated timing jitter catispersion map was 7.6 mW, and the path average dispersion
be related to Gordon—Haus effect [4], [5], but as the bit ratd the map was 0.016 ps/nkm, while the zero dispersion
per channel reaches 40 Gb/s and beyond, we will show in thigvelength was 1551.4 nm. After propagating through the
letter that the effects of nonlinear pulse overlap can beco@S recirculating loop, clock recovery and electrooptical
much more important and ultimately dominate the errors at lodgmultiplexing were used to extract the 10-Gb/s clock and data.
distances. In our experiment, we have measured the timing jitter as a
In this work, we experimentally measured the timing jittefunction of propagation distance in the loop for two data rates:
in a 40-Gb/s long-haul DMS system using the following twd0 and 10 Gb/s. The reason for measuring timing jitter at 10 Gb/s
methods: first by measuring the temporal spread of the receivedo eliminate the jitter enhancement due to nonlinear interac-
tion caused by pulse overlap. All the system and pulse param-
Manuscript received July 19, 2001; revised November 9, 2001. This woﬁiefs were kept almost identical between the 40 Gb/s, and the
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Fig. 1. Timing jitter measurements as a function of propagation distanE&y. 2. Theoretical simulation results of the timing jitter as a function of
using a digital sampling oscilloscope. The open circles represent experimeptapagation distance for the 40-Gb/s case. The dashed curve represents the
timing jitter data in the case when 40-Gb/s data was transmitted, and jhter when the ASE noise is turned off in the simulation, while the solid curve
crosses represent the same measurement when 10-Gb/s data is transmittedephesents the timing jitter when the ASE noise is turned on.
solid and dashed curves represent our theoretical simulation results for the 40-
and 10-Gb/s cases, respectively.

10- and 40-Gb/s data, the difference between the jitter results

method, the RF tones of the received data are measured. H@j‘vn only be due to the contribution of nonlinear pulse overlap
0

ever, because of the limited electrical bandwidth of our electric ni;z;sgrntliaco;l|rsl’toe"rtf§rr]esnce or ISI) caused by the strong breathing
instruments, this method was only applied to the 10-Gb/s case P '

To obtain the reference electrical spectra without jitter, the ﬁranltna;hceezsltgmGlt)r}stNV;E ;i?xﬁ:g%itngm%%fﬂers s\:ﬁﬁ:?na:'hoen

four RF tones were fitted to the electrical spectral profile of tth-Gb/s system the propagation distance was limited to about

input optical pulse. By doing so, we accounted for the effec . -
of the limited bandwidth of our photodiode and the spectrurér?oo km. Atboth data rates, the system was optimized to maxi

analyzer used in these measurements. For the case when timrTi]r|1Ze the errorfree propagation in the 40-Gb/s system. Itis worth

jitteris present, the RF profile will be narrowed by a factor that irsmlgng that the errorfree propagation for the 10-Gb/s data can be

related to the timing jitter. In this method, the amplitude fluctu?xti?odnecigz aﬁ?suet 3\/?3&0 ;r%tiﬁéngrfiiznge?f pg\;tvr;?verage dis-
ations and timing jitter are uncorrelated, so that a more accurBt heo;eticaﬁ models sﬁow that ths onsgt of Igl caljsed by in-
“”."”9 jitter measurement can be made. The data were C(.)"eCEFachannel nonlinear pulse interactions, depends strongly on the
using an RF spectrum analyzer, such that the tone variation as@ . : .

. . . ratio of the pulse FWHM to the bit period [9]. At the maximum
function of propagation distance was recorded.

In order to optimize the experiment and obtain a detailed uﬁ)_(pansmn pointin our system, this ratio for the 40-Gb/s system

0 .
derstanding of the system performance, we set up a complwgs 12 ps/25 ps- 0.48 and reaches about 9% of the maximum

r. : : . )
simulation that carefully models our experimental setup. V\Peossmle pulse-to-pulse interaction. In order to investigate the
used a standard split-step Monte Carlo method to simulate P

ortance of ISI in the 40-Gb/s system, we ran a theoretical
o : . . . §|mulation in which the amplified spontaneous emission (ASE)

propagation in our recirculating loop [7]. As in the experimen

we considered only one polarization for the pulses. We simu-

roise was turned off. The result of this simulation is shown in
. . - .FFig. 2. The solid line represents the timing jitter when both ASE
lated the sampling oscilloscope measurement by defining a tim . . o
. ) . . . noise and ISl are present, while the dashed line shows the timing
window at the half maximum point on the simulated eye dia- : . ) :
: R itter when the ASE is turned off. From this comparison, we find
gram and measuring the spread of the eye within this wind

The distribution was then fitted to a Gaussian profile from whic, atthe effect of IS on the timing jitter in our .40 Gb/; IS Iarger_
the standard deviation was measured. To simulate the freque hcan that of the ASE. These results are consistent with those in
’ q . 1, where the difference between the 40- and 10-Gb/s data

domain approach in [6], we have calculated the central time Q

the simulated pulses and the resulting distribution was fitted tc':sadue o the IS jitter. As a result, we conclude that errorfree

. ) ; - ropagation can be extended to approximately 10000 km by re-
tii“;i?g%?me' We then obtained the standard deviation fr(?mcing the effect of ISI in our 40-Gb/s DMS-based system. IS|

is a strong function of = (3, L, — 32 L»)/7?, wheres,, 3, are
the dispersions of two types of fiber used in the miap,L- are
the lengths of each of the fiber components, atgithe FWHM

Fig. 1 shows the timing jitter measurements for both the 4@emporal duration of the pulse [10]. Simulations indicate that a
and 10-Gb/s data. The open circles represents the timing jitl&% reduction in the map length, and hengwiill increase the
in the 40-Gb/s system and crosses show the timing jitter for tensmission distance t810000 km. Details of these simula-
10-Gb/s system. The solid and dashed lines are our theoretigahs including tolerance to system parameters will be presented
simulation results for the 40- and 10-Gb/s systems, respectivatya future publication.
From these measurements, we can see that the jitter results in tHéig. 3 shows the jitter measurements using the method out-
40-Gb/s data is larger than that of the 10-Gb/s data. Since led in [6] for the 10-Gb/s system along with the scope jitter
kept the same system parameters (path average dispersion, pesits. The open diamonds represent the timing jitter measure-
power, pulse FWHM, and clock and data recovery) for both thments using [6], while the crosses are the jitter measurements

I1l. RESULTS AND DISCUSSIONS
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increase the transmission distance. In addition to that, our results
shows that amplitude fluctuations can enhance the timing jitter
measured by a sampling oscilloscope, resulting in larger jitter
values which in turn result in an inaccurate conclusion about
the true limiting factors of system.
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