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~ Abstract—\We present a comparison between experiment and as the optical power, erbium-doped fiber amplifier (EDFA)
simulation of a 40-Gb/s periodically stationary dispersion-man- |gcation, filter bandwidth, and central wavelength. We empha-
aged soliton (DMS) system in a recirculating loop. We find thatwe ;6 that this system does not operate in the quasi-linear DMS

can propagate an error-free signal over 6400 km at 40 Gb/s and - .
over 12000 km if we lower the data rate to 10 Gbh/s, keeping all regime [4] but at a peak power of about 8 mW, which makes

other parameters constant. A careful analysis of the limiting fac- the transmission significantly nonlinear. Moreover, the pulses
tors shows the strong influence of nonlinear optical pulse-to-pulse are approximately periodic with respect to the dispersion map.
interactions, causing a large increase in timing jitter. At a trans-  However, we anticipate some of the results of this work to be
mission distance of 6400 km, a large fraction of the jitter is due to relevant to a wider class of systems.

pulse-to-pulse interactions. Moreover, we find that the system per- - L . .
formance is very sensitive to parameter variations. We conclude The key detrimental effects that limit the achievable transmis-

that periodically stationary DMS systems suffer from numerous Sion distance in most optical systems are amplitude and timing
problems when increasing the data rate, suggesting that it may jitter. Our results show that in our test system, the timing jitter

be impractical for wavelength-division multiplex transmission at s larger at 40 Gb/s than at 10 Gb/s due to nonlinear optical
40 Gb/s. pulse-to-pulse interactions [5]. This result is significant, since
Index Terms—Amplified spontaneous emission noise, dispersion error-free detection is limited to about 5.5 ps of timing jitter in a

management, modeling, optical fiber transmission, optical solitons, 10-Ghb/s system and to about 1.5 ps at 40 Gb/s [6]. By contrast,
timing jitter, transmission-line theory. we observe that the fluctuation in the pulse energy is about the
same at 40 and 10 Gb/s. To make a meaningful comparison and

l. INTRODUCTION to isolate the impact of pulse-to-pulse interactions on the signal

. . .. evolution, we prepared our test system to operate in two dif-
XTENDING data rates in current optical ransmissiog, oyt modes. In the first mode, we transmitted pseudorandom

systems from 10 to 40 Gbrs promisegla}rge advanta ?sequences at 40 Gb/s that have a ratio of marks to spaces
but also poses great challenges. The sensitivity of the perf8||:-1 -1, and we will refer to this mode as the 40-Gb/s mode

mance to variaiions in the system parameters is much Iargerr“Bperation. The second mode is identical to the first, except

40 Gbls than_at 10 Qb/ s. There are many compl|cat|oqs tl?ﬁ& the bit pattern was changed to a marks-to-spaces ratio of
appear when increasing the data rate, and careful experime t_a . There were at least two spaces between each two marks,

verification is needed after the system deglgr) stage. .th ereby eliminating pulse-to-pulse interactions. Consequently,
there are a number of Papers on 40-Gb/s periodically statlon.ﬁ% second mode corresponds to transmission at 10 Gb/s while
dlspgrsmn_-ma_naged soliton (DMS.) systems [1]—[3],_th_ere afﬁerating with the same pulse parameters, in particular, the same
few |nv_es_t|gat|c_)ns of the under|y|ng physics that limits th u|se duration and peak power, as the first mode. We will refer
transmission distance. In this paper, we compare theory he second mode as the ,403b/s mode of operation and

exper'iment in a 40.—G.b/s .recirculating loop c.)f Iength 107 l.m%”[ress that it differs from an optimized 10-Gb/s transmission that
We discuss the optimization of the map design and investig Suld use longer pulses and possibly different peak powers.

; u

the system performance as we vary operating parameters Suc10Ieasuring and simulating optical timing jitter in a 40-Gb/s
system with a precision of under 1 ps is challenging, and the re-
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3-dB coupler that inserted it into the loop with a peak power

BERT of 7.6 mW. All pulses were copolarized. The pulses had a
Gaussian shape, and their duration assumed an equilibrium

Pulse Source ﬁ value of7,,; = 6 ps in the loop, measured at the launch point
Clock Rec in the map after a few round trips. The average optical power

was 1.5 dBm at 40 Gb/s and3.5 dBm at 1Q, Gb/s! The
center of the launch pulse spectrum lay at 1551.5 nm, while
the center of the filter transmission curve was slightly shifted
to A\ = 1551.6 nm. The offset seemed to help somewhat in
shaping the equilibrium pulse but was small compared to the
optical bandwidth of about 0.61 nm. The recirculating loop
contained four dispersion map periods with a combined length
of 106.7 km. Each period of the dispersion map consisted of a
25-km span of normal fiber with dispersion-efL.02 ps/nm-km
followed by a 1.5-km span of anomalous fiber with dispersion
of 17 ps/nm-km. The path average dispersion was in the range
0.005-0.025 ps/nm-km, depending &5, and the dispersion
slope wasiD/d\ = 0.0768 ps/nnf-km, whereD is the local
dispersion. Each map period contained an EDFA that divided
the normal span into pieces of length 19.6 and 5.4 km, respec-
tively, and we denote the corresponding fiber spans in Fig. 1 by
N; and N.. This location minimizes pulse stretching and hence
pulse-to-pulse overlap, as we will discuss in Section IlI-B. The
fourth map contained a 3.8-nm optical bandpass filter to reduce
the noise, and its anomalous span was split in half by inserting
Fig. 1. Simplified experimental setup. The labels A,,Nand N, denote @ fifth EDFA, an acoustooptical (AO) loop switch, and the 3-dB
fiber spans of anomalous and normal dispersion, respectively. PC denotesdbmpler in the middle of the span. This map design is based
polarization con;rollt_er, OBF the inline _optical bandpass filter, Clock Rec th8n the 10-Gb/s system described in [9], with the dispersion
clock recovery circuit, and BERT the bit-error-rate tester. . .

map length divided by a factor of four. The optical TDM

demultiplexer consisted of two stages: an electrooptic LifplbO
pulse-to-pulse interactions limits the maximum error-free trangrodulator manufactured by Sumitomo that demultiplexed from
mission distance at 40 Gb/s to 6400 km. However, our simulag to 20 Gb/s, and an electroabsorption modulator (JAE) that
tions indicate that reducing the length of the dispersion map Bgmultiplexed from 20 to 10 Gb/s.
15% would extend the transmission distance to 10000 km by
minimizing the pulse-to-pulse interactions. B. Modeling Setup

The remainder of this paper is organized as follows: In Sec—W h | lit-st thod to simulate the light
tion Il, we describe the experimental setup and the numerical € use the scalar spiit-step method 1o simulate the fig

simulation techniques. In Section IIl, we compare deﬁnition%rc’p""g"’ltion in a time_ window of 3.2 ns, conta?ning ?28 bits
of amplitude and timing jitter and their measurement, discu@k 40 Gb/s and 32 bits at 10 Gbrs. In the recirculating loop

dispersion map optimization, and compare the results of expitat we are modeling, the polarization-dependent loss is about
iment and simulation. Section IV contains the conclusions. 0-35 dB per round trip and the polarization controllers are
optimized to pass the signal with minimum loss, yielding a

polarization degree 0f95%. Consequently, the polarization
orthogonal to the signal is suppressed. In the simulations, as in
A. Experimental Setup the experiment, we assume copolarized pulses. We run Monte

We evaluated the transmission performance of our te%{;\rlo simulations in which a different bit sequence is chosen
system both experimentally and through computer simulatioh@! €ach realization; the ratio of marks to spaces is always

Fig. 1 shows a sketch of the recirculating loop experiment.1- The EDFAs are modeled as saturable amplifiers with

A mode-locked fiber laser manufactured by PriTel generatégSaturation time of 1 ms and a saturation power of 10 mW.
the pulses of 4.5-ps full-width half-maximum (FWHM) pu|sé2)etalls on the simulation procedure can be found in [9]. The
duration with a repetition rate of 10 GHz. The data streafPontaneous emission factorrig, = 1.2. At the receiver, we

was modulated at 10 Gb/s with &*2-1 pseudorandom bit include the optical TDM demultiplexer, the clock recovery
sequence using a LiNhQintensity modulator. The signal circuit, and the 20-Gb/s bandwidth-limited photodiode in the
was then multiplexed using a two-stage optical time-divisictimulation model. We note that proper receiver modeling
multiplexer (TDM), the first one multiplexing the signal upbecomes more critical as we go from 10 to 40 Gb/s. For

to 20 Gb/s and the second one to 40 Gb/s, by interleaving th
» Y 9 ?In order to maintain equal pulse peak powers, we would have had to reduce

10-Gb/s data stream .With a COp_y of itself. that was delayg, average power at 10Gb/s to 1.5- 6 = —4.5 dBm. However, we were not
by about 1 ns. The signal remained unchirped and passeébia to lower the EDFA gains that much without increasing.

Il. EXPERIMENTAL SETUP AND THEORY
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With the optical field envelope(¢), wheret is time, we de-
fine the quantities

Tt

U= / |u|? dt (1a)
% 0
5 | 1 Thit )
1S to = — / tlu|” dt (1b)
= | U Jo g
= . . . . .
o | where’li,; is the bit duration// is the pulse energy, ardg is

the central time of the pulse. If we assume that the pulses after
optical filtering and bandwidth-limited square-law detection are
Gaussian, so that(t)|> = Aexp[—t%/(2s?)] with an electrical
FWHM pulse durationr = 2sv/21n2, then the amplitude is
A = 2U/r)/In2/7. We stress again that depends orr,
[ Time I_', and in our system is in the range of 23-30 ps, owing to the
bandwidth-limited receiver, while the pulse duration in the op-
Fig. 2. Schematic of amplitude and timing jitter measurement using a digitatal fiber is only7,,, = 6 ps. This bandwidth limitation makes
oscilloscope. The vertical box is used to measure the absolute _an_1p|it_t_1de jit}@ra more robust quantity with regard to high-frequency ampli-
o 4, and the horizontal boxes are used to measure the absolute timingjjiter . L . ..
fied spontaneous emission (ASE) noise that is irrelevant to the
detector.
example, our 20-GHz photodiode, followed by amplifiers and The eye diagram of a signal with finite timing jitter and zero
cables, broadens the received pulses from 6 ps to 23-30 ps, amplitude jitter can have nonzeeq,; and conversely a signal
hence the impulse response of the receiver system has a majth finite amplitude jitter and zero timing jitter will yield a
influence on the eye diagram. This broadening was not Benzeras,. In other wordsg, ando, depend in a complicated
important in previous 10-Gb/s experiments [9]. We model th&ay ono,, ando 4, the standard deviations &f and A, respec-
effective demultiplexer window function using a Butterworttiively. We define a dimensionless timing jitteg, = o+, /7 [8],
function f(t) = 1/[1 4 |2(t — to)/Trwrwm|¥], Wheret is time, Wherer is the average FWHM pulse duration. Analogously, we
t, is the central time of the windovywmn = 26 ps is the define the dimensionless energy jittes = 0.4/ A, whereA is
window duration, and: = 6.5 (note that the demultiplexer the average of the pulse amplitudésA first-order approxima-
is not a Butterworth filter, but rather the window functiorfion, under the assumptions that amplitude and timing fluctua-
in time happens to follow the Butterworth function). Thidions are statistically independent anés constant, is
fitting function is in good agreement with the experimentally

2
measured demultiplexer shape. Yo ~ \/1 I <0.361 EA) @
to to
IIl. RESULTS AND DISCUSSION whereX, = o, /7. Large ratios of amplitude jitter to timing
_ S jitter hence lead to sizable deviations betwégnand the rela-
A. Amplitude and Timing Jitter tive timing jitter =, . In our simulations at 1 Gb/s, we ob-

We find that the values of amplitude and timing jitter depeni®in after 8400 km the values,y = 7.2%, oy, = 1.16 ps,
strongly on the measurement method and that their accurate @™ = 23 ps, y'EIdng’”/EtO_ = 1.12. This jitter enhance-_
termination is challenging, in both simulation and experime _ent_can be evenmore deceptlye when the amount of amplitude
In this section, we will outline the problems we encountered alll'%;‘er In experiments Is unQeresnmqtgd d'ue to the common use
of deeply saturated electrical amplifiers in the receiver, as dis-

dISC.USS their solut|oqs. . . ... cussed inthe next section. In (2), the assumption of a constant
l_t IS common practlce to measure amp"“_lde and_ timing Jittele e ms to be very strong, and in reatitffuctuates. However, our
using the eye diagram on a digital sampling oscilloscope, Qﬁperimental timing jitter results are in good agreement with (2),

shown schematically in Fig. 2. A large number of samples j§, j the approximation serves to show the need for an exact def-
accumulated in the elongated vertical and horizontal boxes, aAfion of amplitude and timing jitter.

the sample histogram as a function of the positions along thery yerify the timing jitter results, we employed a second
long side of the boxes is produced. We denote the mean of fjgasurement method that was introduced by Mollenauer and is
data in the vertical box, which is the mean amplitudepynd  pased on the fading of the RF tones over propagation distance
the standard deviation of its sample pointshy The difference [7]. Due to timing jitter, energy diffuses from the frequency
of the means of the horizontal boxes at amplitutl€2 is the mode at ¥7;,;; and its harmonics to neighboring frequencies.
mean FWHM electrical pulse duration and the symbols. ; We expect the normalized timing jitter obtained from this
ands, ,. denote the standard deviations of the data in the left antkthod to be closer t&,, than toX,, and we will show a
right boxes, respectively. Then we defing = (02 ;+07 ,.)/2.  comparison in the next section.

We call this method of determining the amplitude and timing Amplitude and timing jitter are also enhanced by the op-
jitter the scope method. tical TDM demultiplexer, whose window function is not square
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and thus causes power to leak into adjacent bit slots at the re- 15 T T g T T 0km
ceiver. Even in the absence of pulse leakage, the curvature of H A Al —— 5km
the window near the top increases amplitude jitter by attenu- I3[t i) —— 20 km [
ating pulses that lie off-center relative to the window. \;‘5 ,"»\‘ b i .3
S1lpgre i /| SR B PR ;:" A A i g i
B. Map Optimization 5 aY 02 R T e
In this section, we show that the admissible parameter range @ I ':" \l ""t’ |‘. : ," v‘.;~ -',-," "
for transmission of DMS pulses at 40 Gb/s is much smallerthan = B\ I N 5 A R W \
at 10 Gb/s in periodically stationary DMS systems and discuss tls f‘\ W AR \V/ 7 A AR N/ A AN AR NV TR A A
some of the tradeoffs involved in the parameter optimization. " AV VEREA VAL VRN [
; ; ; _ o I 1 i i i i i i
HWe consu/j/er tt}e dlsper25|on map //stre/pgj(h_ (B! YN A N A N A N =
Bitve)Ln = (BY = Biive) Lal / Topy, Wheresy, 8y andLy, Ly, rep- Scaled Distance

resent the dispersion values and lengths of the anomalous and
normal spans, respectively’ . = (5L, + 3L L,+L Fig. 3. Evolution of the FWHM pulse duration during one round trip in the
P P Wave = (o La + L)/ (La ") recirculating loop for three different EDFA locations in the normal dispersion

_ 9 . : . .
—_—.Dave)\F/27rc is the path a‘{erage d|spe_r3|on, aﬂgﬁ is the span. The distance is scaled by the magnitude of the local dispersion so that the
minimum FWHM pulse duration in the dispersion map [10Janomalous (A) and normal (N) fiber spans appear to have equal lengths.

All dispersion values are taken at the central filter wavelength

Ar. Inour system, the map strengthyis= 1.95, corresponding L :
foan enrgy enhancementl .4 anda maximum e curaf % OV e ure vt e e e e
of about 12 ps. As noted in [1], there is a tradeoff in choosing N the s'mplat',ons e observe that Ee' hbor'r; Isgs at-.
the optimum map strength. Large map strengths and h(_:‘nrcaéct eachlotﬁerland’t;vnd to re(;l/uce their Isge arallticg)npil#l time as
stretching factors tend to reduce the Gordon—Haus jitter T parat
y propagate, regardless of their initial phase difference. The
a factor on the order of the square root of the enhancemen g
: . pu se-to-pulse attraction is only reduced by 5% when we al-
factor [11], [12]. However, if the pulse durations become to ) mate the phases of adjacent pulsestbgompared to con-
large, the pulse tails overlap and start interacting nonlinear‘ ant hasepTh's result Js cons'z,l:ent t%] e:mgl [15], who
giving rise to pattern-dependent signal distortion [13], [14ﬁf1d thpat the' timlin 'itltjerlis indeI ende\;lvtI of the'o tiéavlv hase
as well as to shifts in the central times of the pulses [15]. Th 9] pen ) b P
. . ) eny = 1.65. (Note that our definition ofy differs from that
development of ghost pulses that was described in [13] is small : S
. o . of Yu et al. by a factor of 2.) The physical reason lies in the
in our system at the error-free transmission distances. In our id phase changes due to strong dispersion management. In
setup, the map strength is slightly larger than optimal, a oplse-‘?ree sim Iatgons ;f our s ste?‘n '02 th(le other ha?wd altér—
the nonlinear pulse-to-pulse interactions are our main ”mitirr[%ltin the kl1a5e rtleduces t#e myutual ' ulse attraction b a’s much
factor at 40 Gbfs. Earlier work showed that the pulse-to-pulg 50%/ ingicatin that launchin an(?ise—free hase—aﬁernatin
interactions in a DMS system can be minimized by reducin{g5 . 9 . 9 e P : 9
. gnal leads to a mathematically unstable minimum in the pulse
v to 1.66 for a value offy,i; =~ 47, WhereTi,;; = 25 ps ]attraction
is the bit window, equaling the minimum pulse spacing [15]. ' . - .
Our simulations show that by scaling all fiber span Iengt?ﬁ:;;iqceeogfﬁaet 'ztr;greef;t'g?;_:t;o Gb/sLt;\rar;?tatogt;/fs IS
by 1.66/1.95 = 0.85, leading to a dispersion map period D kele the en?ire u\llse sg ec;rart)l ran eein th(gaJ an\:)n:Janus dis-
90 km and an amplifier spacing of 22.6 km, pulse interactions™”. pr ep P rang .
ersion regime, which tends to stabilize the soliton pulse shapes.
at 40 Gb/s can be removed almost completely and error-free N .

- : n the other hand, the timing jitter grows with,,.. Although
transmission over 10000 km becomes possible. e can achieve an optimum transmission distance of 18 000 km
In a system with significant nonlinearities, the maximuny. 10, Gb/s! V'thD p'N 0u03 s/nm-lkrr: th'sl, dispersion value

pulse duration of the pulses in the dispersion map is n%Etooolar eavtw40 Gal;E/}sNduétoethe increa,lseld S(IenF;itiv;t tc\)/ ti;in
determined by the value of alone but also strongly depends; ter. A sgimilar tradeoff applies o the optimum o ti)éal eakg
on the location of the EDFAs in the dispersion map [16]. Fig.]fyI ' PP pAr P pea

. . wer. On one hand, a higher peak power improves the optical
shows the evolution of the FWHM pulse duration for one rounglo nal-to-noise ratio. but on the other hand. it enhances non-
trip in the recirculating loop. The distance is scaled by t elgear Ise—lto— Iic,e' 'nltJeract'ons |
magnitude of the local dispersion so that the anomalous (A'} pu pulse | 1ons.
and normal (N) fiber spans appear to have equal lengths. The ) _ ) _
three curves correspond to placing the EDFAs 0, 5, and 20 ikm Comparison of Simulation and Experiment
after the beginning of the normal dispersion span, respectivelyln the experiment, we optimized the loop parameters to
The corresponding maximum pulse durations are 14.3, 12aghieve the maximum transmission distance at 40 Gb/s. To
and 11.6 ps, respectively, at the ends of the normal spans. @Gatate the impact of nonlinear pulse-to-pulse interactions,
simulations show that the maximum pulse duration is globallye then compared the 40-Gb/s system to a system at the
minimized when the first four EDFAs are placed at 20 kmeduced data rate of 10 Gb/s while keeping all other parameters
from the beginnings of the normal dispersion spans. Also, thenstant, denoted by 1€ Gb/s. In particular, we still used
overall timing jitter at 40 Gb/s is minimized in this case. Irthe optical TDM demultiplexer at 19 Gb/s. Therefore, our
the simulations, we also tried to launch the signal at differetf,, Gb/s transmission was almost identical to the 40-Gb/s
points in the anomalous span, equivalent to prechirping thase, except that the minimum pulse spacing was 100 ps.
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Fig. 4. (a) Input pulse train at 40 Gb/s, measured with a 40-GHz photodiode.
(b) Eye diagram of a pulse after 0 km (back-to-back) at 40 Gb/s measu
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Fig. 5. Optical power at 40 Gb/s after 6400 km at the maximum expansion
point in the map. Simulation (a) without ASE noise and (b) with noise. The

noise-free signal in (a) shows a strong pulse distortion that is entirely due to
pulse-to-pulse interactions.

but it also produces a large amount of electrical noise. There-
fore, we did not use it to measure eye diagrams. Fig. 4(b) and (c)
shows the eye diagrams of a single pulse in the demultiplexed
signal at 0 km and 6400 km, respectively, using a 20-Gb/s photo-
diode. No electrical filtering was applied to the signal. Fig. 4(d)
shows the simulated eye diagram in the form of a contour plot.
The slightly asymmetrical pulse shape is due to the electrical
modeling of the bandwidth-limited photodiode.

Fig. 5 shows the optical power in the 40-Gb/s simulations
after 6400 km. The data were extracted after the normal fiber
span, where pulses are maximally expanded, corresponding
to the location of the four largest peaks in Fig. 3. Comparing
Fig. 5(a), where the ASE noise was turned off in all the EDFAs,
with Fig. 5(b) being with the noise turned on, we observe that
a large part of the pulse distortion is present in the absence of
noise. Isolated pulses, such as the fifth pulse in (a), all evolve
identically when the ASE noise input is turned off; hence,
this distortion must be due to pulse-to-pulse interactions. The
peak power fluctuation in (a) is mostly due to the significant
pulse shape distortion and does not imply a large pulse energy
fluctuation 4. Instead . 4 is mostly caused by noise and is
about six times larger in (b) than in (a). Note also that the noise
in the zeros in (b) is small.

Fig. 6 shows the timing jitter evolution at 40 Gb/s and at
1049 Gb/s for both experiment and simulation using the scope

ifiethod, where the crosses and circles show the experimental

at the output of a 20-GHz photodiode. (c) Eye diagram of a pulse aftand the curves show the numerical results. In the simulations,
6000-km propagation. (d) Contour plot of probability densities of the simulat§e emulate the statistical function of the digital oscilloscope de-

photodiode current.

scribed in Section IlI-A using Monte Carlo simulations, rather
than using the central time definition of the timing jitter. The

Fig. 4 shows the eye diagram at 40 Gb/s without using eleaitial jitter of about 0.2 ps is due to our suboptimal demulti-
trical narrow-band filters. Fig. 4(a) shows the 40-Gb/s pulgdexing, leading to the leakage of neighboring pulses into the de-
train before it is inserted into the loop, using a 40-Gb/s monitonultiplexer window. Error-free data transmission breaks down
photodiode. This photodiode has a high electrical bandwidtifter 6400 km at 40 Gb/s and after 12000 km aiy1Gb/s.
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Fig. 6. Timing jitter at 40 and 103 Gb/s using the scope method. The circlesrig. 8. Comparison of the scope method and the RF tone fading method at
and crosses show the experimental measurement, and the lines showltg Gb/s to highlight jitter enhancement.
simulation results.

1 1 |
— ASE and ISI
‘‘‘‘‘ ISI only
--- ASE iny _

2

T T T T T at 40 Gbh/s. The dash-dotted line shows the same timing jitter in
f : 5 5 : the absence of ASE noise, exhibiting the effect of pulse-to-pulse
interactions only. The dashed line is the timing jitter with ASE
noise, but with the alternating bit pattern 101010instead of
arandom bit pattern, thereby removing the pulse-to-pulse inter-
actions. The latter procedure allows a more accurate isolation of
pulse-to-pulse effects than reducing the data rate ig Gb/s,
since the average power in the loop is kept strictly constant in
the presence of saturable EDFAs. Again, one can see the signif-
icant impact of pulse-to-pulse interactions on the timing jitter.

. i However, the fact that the curves for the noisy and noise-free sig-
0 2000 4000 6000 8000 nals are so close does not mean that noise is negligible in this

Distance (km) . . L.
system. Weak noise breaks the unrealistic perfect phase sym-
Fig. 7. Timing jitter contributions in the 40-Gb/s simulation with a perfecétry between adjacent pulses and might mitigate their mutual
(square) demultiplexer window. All curves show timing jitter according to thattraction in the beginning, while at larger distances increasing
centralytime definition. Solid line: full simulation. Dash-dotted line: no A.SEthe timing jitter. According to [13] and [17], pulse-to-pulse at-
noise @, = 0), exhibiting pulse-to-pulse interactions only. Dashed line; . ) .
timing jitter with ASE noise, but with the bit pattern 101010 instead of a traction due to intrachannel cross-phase modulation (XPM) de-
random bit pattern, therefore removing pulse-to-pulse interactions. pends on the ratia = 7op,1/Zhis, Wherer,p, is the optical
FWHM pulse duration andji,;; is the bit duration. The magni-

The reduced timing jitter at 4@ Gb/s is due to the absencetude of the attraction is proportional ¢ap(—1/2x2) /3. This
of pulse-to-pulse interactions. Note tha}, is slightly larger at function has an extremely steep slope a3 < = < 1. The
104y Gb/s than at 40 Gb/s; the two curves would diverge evemaximum value that: assumes during the first loop revolu-
further with equal values of.;,. The breakdown of the trans-tion is . = 7,p¢/7hic = 12 pSR5 ps= 0.48, resulting in a
mission occurs in two stages: a first stage at 6400-7500 km palse-to-pulse attraction of 8.7% relative to its maximum near
which the error rate exceeds 10mainly due to timing jitter; z = 1. This attraction is only effective over the short range in
and a second stage beyond 7500 km, where the pulses thém-map where the pulse duration is close to its maximum; see
selves break down due to pulse-to-pulse distortion and A$#g. 3. However, once the pulses approach each other, the effec-
noise. The present systemiis limited by timing jitter, not by noigee 13,;; is reduced, the ratio increases, and hence the attrac-
in the zeros, as was the case in earlier 10-Gb/s experiments {@n grows very fast.
As a consequence, the bandwidth and exact filter profile of theln Fig. 8, we show the timing jitter,, measured by the scope
optical inline filter are of less importance. We varied filter typeasing crosses and the results of the RF tone measurement using
and the filter bandwidth between 2.8 and 4.6 nm without olohkamonds. Since the bandwidth of our electrical equipment
serving large differences in the maximum transmission distance limited to about 40 Gb/s, we can only apply the RF tone
If we were able to extend the transmission at 40 Gb/s to disrethod to 1@, Gb/s transmission [5]. The solid line represents
tances beyond 12000 km, our previous modeling [16] showse simulation result of the absolute timing jitter from the
that DMS robustness would critically depend on the optimizacope method,., while the dashed line shows the simulation
tion of the inline filter. result ofo,, (central time method). The difference between the

Fig. 7 compares the evolution of the jitter of the central timeurves amounts to 10-20%, depending on the amplitude jitter
¥, in the simulations for three different cases; we used at each data point, and agrees with (2). On the other hand, note
ideal (square) demultiplexer window to eliminate eye degraddie good agreement between the RF tone methodgnd
tion due to the demultiplexer. The solid curve shows the timing Fig. 9 exhibits the squared normalized energy variaiige
jitter resulting from the full simulations, including ASE noisejn the 40 Gb/s and 1@ Gb/s simulations. The dashed line is a
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jitter in the edge channels. Our simulation shows that even in
single-channel transmission, the third-order dispersion strongly
deteriorates the signal and hence has to be taken into account, in
contrast to previous 10-Gbh/s systems with wider pulses [9]. The
physical reason is that third-order dispersion leads to asymmet-
rical pulses; in the present 40-Gh/s system, the leading tails of
the pulses are stretched out and interact with adjacent pulses.
Fig. 11 shows a histogram of the received voltage after
narrow-band filtering at 40 Gb/s, obtained from the Monte
Carlo simulation of 3000 realizations. The propagation distance
is 7500 km, which is about 1200 km beyond the distance
where error-free transmission breaks down. The solid lines are

Gaussian fits to the data points, using their mean and variance.
Fig. 10. Dependence of the timing jitter on the path-average dispeion ~ The ()-factor based on the Gaussian fits is still larger than
at 40 Gb/s after 6400 km. The wavelength is increased by 0.1 nm foreachdata .~ .. _ .. ..
point. SIX, indicating error-free transmission. However, due to the
departure of the probability density from Gaussian shape, the

true error rate exceeds 19, as is the case in the experiment.

linear fit to the measured results at 40 Gb/s and the solid "We note that the distortion of the Gaussian distribution in

;or ;h‘; nlﬁgt%Zﬁtirf;|u?§aizgﬁn\éaltﬁ Iiilgoesggsyaizcii?\g ;rregcjg' 11 is so severe that evena fit 'to c.mly.the data points tha}t are
' . . art of the low voltage tail of the distribution of the marks fails.
between pulses when they interact nonlinearly, and the enefgy
jitter is mainly due to ASE noise energy that grows linearly with
distance [8]. We found that the impact of energy jitter can easily
be underestimated due to the use of saturated electrical ampliwe demonstrate good agreement between experiment and
fiers. Our Anritsu RF amplifier, located between the photodiodgmulation of a 40-Gb/s periodically stationary dispersion-man-
and the bit error rate tester (BERT), is deeply saturated aaged soliton system in a recirculating loop. We use periodic
hence compresses the rail of the ones in the eye diagram caligpersion compensation and a 3.8-nm optical inline filter.
pared to the zeros rail. Electrical amplifier saturation, in contraBeducing the data rate to 10 Gb/s, while keeping all other
to EDFA saturation, is a very fast process and hence distorts fegameters constant, we are able to isolate the impact of the
signal shape. For this reason, we only used the RF amplifierrtonlinear pulse-to-pulse interaction, and we find that it is the
drive the BERT and not to produce any eye diagrams. key limiting effect at 40 Gb/s. The simulation enables us to
To highlight the sensitivity of the system to variations in theptimize path-average dispersion, optical power, and amplifier
path-average dispersion, we simulated the signal propagatsmacing within the normal dispersion fiber span, all of which
at different wavelengths. Fig. 10 shows the timing jitter as leave strong impact on the maximum transmission distance.
function of D,,. at 6400 km. The data points correspond t®f lesser influence on the error-free transmission distance are
a wavelength spacing of 0.1 nm, and the 40-Gh/s simulatitine optical inline filter bandwidth, the precise pulse shape at
was performed ab,,,. = 0.0154 ps/nm-km. Although we have the launch point for a given pulse duration, and a small initial
not attempted WDM transmission in the recirculating loop, wavelength offset between the launched signal spectrum and
is obvious that the present third-order dispersio@dbf/d\ = the transmission maximum of the optical inline bandpass filter.
0.0768 ps/nnt-km is large enough to spread different charifhe simulation shows that our dispersion map strength of 1.95
nels over a large range dP,,., resulting in increased timing is slightly larger than optimal and that error-free transmission

IV. CONCLUSIONS
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at 40 Gb/s can be extended to 10000 km if we reduce thgeé] V. S. Grigoryan, P. Sinha, C. R. Menyuk, G. M. Carter, and A.
length of our map period by 15%. We emphasize that timing Hasegawa, “Long distance transmission of filtered dispersion-managed

jitter and the pulse-to-pulse interactions are strongly coupled

solitons at 40 Gb/s bit systems rate over 6400 km,1899 ROSC
Symposium on Massive WDM and TDM Soliton Transmissfan

in our loop and limit the propagation distance. The accurate  Hasegawa, Ed. New York: Kluwer, 1999.
experimental determination of both the amplitude and thdl7] J. Martensson, A. Berntson, M. Westlund, A. Danielsson, P. Johan-

timing jitter is not simple, and we compare different definitions

nisson, D. Anderson, and M. Lisak, “Timing jitter owing to intrachannel
pulse interactions in dispersion-managed transmission systébps,”

and measurement methods. In conclusion, we find that the Lett, vol. 26, pp. 55-57, 2001.
system is very sensitive to changes in the system parameters

and conclude that the periodically stationary DMS format may

not be practical for WDM transmission at 40 Gb/s.

The authors thank J. Zweck and B. Marks for inspiring dis
cussions and substantial help with the manuscript.

(1

[2]

(3]

[4]

(5]

(6]

(71

(8]

9]

[10]

[11]

[12]

[13]

(14]

[15]

Ronald Holzléhner (S’00) was born in Essen, Ger-
many, on December 30, 1970. He received the M.S.
degree in physics from the Technical University of
Berlin, Germany, in 1998. He is currently pursuing
the Ph.D. degree at the University of Maryland Bal-
timore County (UMBC).

He studied at the University of California, Santa
Barbara, in 1995/1996 as a Fulbright Exchange
Student. While at UMBC, he works part-time as
a Consultant for Virtual Photonics, Inc. (Website:
http://www.photonics.umbc.edu/.)

ACKNOWLEDGMENT

‘T

REFERENCES

I. Morita, K. Tanaka, N. Edagawa, and M. Suzuki, “40 Gb/s singl#
channel soliton transmission over transoceanic distances by redu
Gordon—Haus timing jitter and soliton—soliton interactiah Lightwave
Technol, vol. 17, pp. 2506-2511, 1999.

K. Suzuki, H. Kubota, A. Sahara, and M. Nakazawa, “40 Gbit/s single
channel optical soliton transmission over 70000 km using inline syn-
chronous modulation and optical filteringglectron. Lett, vol. 34, pp. Heider N. Ereifej, photograph and biography not available at the time of
98-100, 1998. publication.

G. Aubin, T. Montalant, J. Moulu, F. Pirio, J.-B. Thomine, and F.
Devaux, “40 Gb/s OTDM soliton transmission over transoceanic
distances, Electron. Lett, vol. 32, pp. 2188—2189, 1996.

F. Le Guen, S. Del Burgo, M. L. Moulinard, D. Grot, M. Henry, F.
Favre,and T. r “Narrow band 1.02 Thi i liton - ) . . .
D?/VIDeMatrgnsncii(ascs)iggs(;veral(?oobk?n C:)f s(:andbatr/dsj(féif)ae? (\?vﬁr:/ Sl)osook:g am\_/lad_lml( S. Grigoryan , photograph and biography not available at the time of
plifier spans,” inProc. OFC’'99 Washington, DC, 1999, paper PD4. publication.

H. N. Ereifej, R. Holzldhner, and G. M. Carter, “Inter-symbol inter-

ference and timing jitter measurements in a 40 Gb/s long-haul disper-

sion-managed soliton system,” IEEE Photon. Technol. Lett., to be pub-

lished.

J. P. Gordon and H. A. Haus, “Random walk of coherently amplifie@ary M. Carter, photograph and biography not available at the time of
solitons in optical fiber transmissionQdpt. Lett, vol. 11, pp. 665-667, Publication.

1986.

L. F. Mollenauer, M. J. Neubelt, S. G. Evangelides, J. P. Gordon, and

L. G. Cohen, “Experimental study of soliton transmission over more

than 10000 km in dispersion-shifted fibeiQpt. Lett, vol. 15, pp.

1203-1205, 1990. Curtis R. Menyuk (SM’'88-F'98) was born March

V. S. Grigoryan, C. R. Menyuk, and R.-M. Mu, “Calculation of 26, 1954. He received the B.S. and M.S. degrees
timing and amplitude jitter in dispersion-managed optical fiber comr from the Massachusetts Institute of Technology,
munications using linearizationJ. Lightwave Technaglvol. 17, pp. Cambridge, in 1976 and the Ph.D. degree from the
1347-1356, 1999. University of California, Los Angeles, in 1981.

R.-M. Mu, V. S. Grigoryan, C. R. Menyuk, G. M. Carter, and J. M. Jacok He has worked as a Research Associate at the
“Comparison of theory and experiment for dispersion-managed solito University of Maryland, College Park, and at Science

in a recirculating fiber loop,TEEE J. Select. Topics Quantum Electron. Applications International Corporation, McLean,

vol. 6, pp. 248-257, 2000. VA. In 1986, he became an Associate Professor
N. J. Smith, N. J. Doran, F. M. Knox, and W. Forysiak, “Energy-scalin( s . in the Department of Electrical Engineering at the
characteristics of solitons in strongly dispersion-managed fib@pt” ) University of Maryland Baltimore County (UMBC),
Lett, vol. 21, pp. 1981-1983, 1996. Baltimore, and he was the founding member of the department. In 1993, he
N. J. Smith, N. J. Forysiak, and W. Doran, “Reduced Gordon—Haus jitteras promoted to Professor. He has been on partial leave from UMBC since
due to enhanced power solitons in strongly dispersion managed s$896. From 1996 to 2001, he worked part-time for the Department of Defense
tems,”Electron. Lett, vol. 32, pp. 2085-2086, 1996. (DoD), codirecting the Optical Networking Program at the DoD Laboratory for
G. M. Carter, J. M. Jacob, C. R. Menyuk, E. A. Golovchenko, and A. NTelecommunications Sciences, Adelphi, MD, from 1999 to 2001. In August
Pillipetskii, “Timing-jitter reduction for a dispersion-managed solitor2001, he left the DoD and became Chief Scientist at PhotonEx Corporation,
system: experimental evidenc&pt. Lett, vol. 22, pp. 513-515, 1997. Maynard MA. For the last 15 years, his primary research interest has been
P. V. Mamyshev and N. A. Mamysheva, “Pulse-overlapped dispersiothieoretical and computational studies of fiber-optic communications. He has
managed data transmission and intrachannel four-wave mixDgt” authored or coauthored more than 140 archival journal publications as well as
Lett, vol. 24, pp. 1454-1456, 1999. numerous other publications and presentations. He has also edited two books.
M. J. Ablowitz and T. Hirooka, “Resonant nonlinear intrachannel inteffhe equations and algorithms that he and his research group at UMBC have
actions in strongly dispersion-managed systei®gt. Lett, vol. 25, pp. developed to model optical fiber transmission systems are used extensively in
1750-1752, 2000. the telecommunications industry.

T. Yu, E. A. Golovchenko, A. N. Pilipetskii, and C. R. Menyuk, “Dis- Dr. Menyuk is a Fellow of the Optical Society of America (OSA) and a
persion-managed soliton interactions in optical fibe@pt. Lett, vol. member of the Society for Industrial and Applied Mathematics and the Amer-
22, pp. 793-795, 1997. ican Physical Society. He is a former UMBC Presidential Research Professor.




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


