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A 40-Gb/s/ch WDM Transmission with SPM/XPM
Suppression Through Prechirping and Dispersion
Management

Akihide Sano, Yutaka MiyamotdMember, IEEEShoichiro Kuwahara, and Hiromu Tolddember, IEEE

Abstract—This paper proposes to combine prechirping with fibers such as standard single mode fibers (SMF), nonzero
dispersion management scheme in such a way as to suppressjispersion- shifted fibers (NZDSF), and dispersion-shifted
the power penalty induced by self-phase modulation (SPM) and fihers \with L-band signal, effectively suppresses the FWM
cross-phase modulation (XPM) in 40-Gb/s per channel wave- . -
length-division multiplexed (WDM) transmission systems with degradat'on' When_thes_e flb_ers ar_e usgd, SI_DM and_ XPM cause
|ong_amp|iﬁer spacing_ Firs’[’ we show that the optimum total Serious WaVeform d|St0rt|0n n ConJUnCt|0n W|th the f|ber gI’OUp
dispersion to minimize SPM depends on prechirping and the local velocity dispersion (GVD). It is known that SMF is stronger
dispersion of the transmission fiber, unlike that for minimizing against XPM because of its |arge effective area and h|gh local
XPM. Next, it is shown that, by optimizing the combination of gisharsion in the gain band of erbium-doped fiber amplifiers

prechirping and local dispersion, these two optima can be made
to match so as to improve the allowable maximum fiber input (EDFA) [8]. The use of NZDSF, on the other hand, reduces the

power. Finally, the operation of the proposed optimization scheme required total dispersion of the dispersion compensators thanks
is confirmed experimentally, and 4 x 40-Gb/s WDM transmission to its lower dispersion. NZDSF also offers the option of Raman

over 400 km of nonzero dispersion-shifted fiber (NZDSF) is amplification with relatively high efficiency [5]. In the case of
ggm(/)nhstratdeg S“Cﬁss‘;‘:”y Wl'th the fiber input power of+10  NzDSF transmission, however, the sign of the local dispersion
m/ch and 250 GHz channe Spacmg' _ _ affects the transmission characteristics in conjunction with
Index Terms—Cross-phase modulation (XPM), dispersion man- SPM [9]. Therefore, suppressing the SPM-GVD interaction
agement, optical fiber transmission, prechirping, self-phase mod- and XPM-GVD interaction is an important issue to realize
ulation, wavelength-division multiplexing (WDM). 40-Gb/s-based WDM systems using NZDSF
Prechirping is known to reduce the power penalty induced
|. INTRODUCTION by fiber nonlinearity both in normal and anomalous dispersion
ARGE capacity wavelength-division multiplexed (WDM)f'be_rS [10]__[12]' In this paper, we propose that the comblr?at_lon
%dlspersmn management and prechirping should be optimized

transmission systems based on high-speed time-divisi
! y '97-Sp ! VIS! order to suppress both SPM- and XPM-induced waveform

multiplexing (TDM) technology are attractive because of thelf! i .
ultiplexing ( ) 9y V » stortion for 40-Gb/s/ch WDM systems using NZDSF. Sec-

high spectral efficiency, reduced system size, and support of nt I di the d d fth i total di ;
work management. Up to now, 10 Gb/s systems have been Qn 1 discusses he dependence otthe optimum total dispersion

ready installed in the field. Recently, the line rate of 40 Gb/s hg%r SPM and. that for XPM on initial chirping. and IF)C"J,“ disper-
been achieved by electrical TDM (ETDM) technology [1]_[4]§|on of the fiber, and describes the operation principle of the

Moreover, 40 Gb/s per channel WDM transmission experimerﬁ&c’posed scheme. Sections Il and IV theoretically examine the

based on ETDM technology with total capacities over 1 Tbitf%]o\’ver penalty caused by SPM and XPM, respectively, and show

have conducted by several groups [5]-[7]. t ”at thglprsgosgd suppreSS||onSschgmeveffﬁctlvely m_crea?e; the
In terrestrial systems, from the viewpoints of cost anlowable fiber input power. In Section V, the operation of the

network management, it is desirable that 40-Gb/s systems of %ptlzsetd sche_me_ IS e>§tphetrr|]mentally cch_rE)ﬂrnjed 'tﬂ 40_625’
the same amplifier spacing as that of existing 10-Gb/s systems. '/T] rans|m|sd5|;)hn Wlh € laverage ' f;é%péﬁowe't
For this reason, higher fiber input power is required in 40-Gb michannel and the channel spacing o Z
systems compared to the lower bit rate systems. However,
nonlinear optical effects such as self-phase modulation (SPM),
cross-phase modulation (XPM) and four-wave mixing (FWM)
limit the fiber input power. Dispersion management, which Because the refractive index in the transmission fiber changes
employs dispersion compensation and dispersive transmissigith the intensity of the transmitted signal, the signal suffers
phase modulation (SPM and XPM). SPM is caused by inten-
. . . _ sity modulation of the target channel, and XPM results from
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&1 SPM = Logcal dispersion -‘é? xPM Although the optimum total dispersion at the receiver de-
E 3 pends on these factors, it is difficult to find the optimum dis-
| U \/ persion by a simple rule of thumb because SPM depends on the
e - . signal waveform, which changes with propagation. When the
> bt channel rate is as high as 40 Gb/s, precise optimization of the
l 0 Towml aspersion ! O Towldspersian o0 dispersion is necessary because allowable dispersion be-
comes very small. Precise optimization of the total dispersion
Dispersion management demapds the numerigal solutio.n of the nonlin_ear Schrédinger
Pre-chirp equation (NLSE) as discussed in the next sectpn. .
In WDM systems, the transmitted waveform is distorted not
only by SPM-GVD interaction but also XPM-GVD interaction.
2| sPMrLocal dispersion & XPM Let us consider two WDM channels co-propagating through a
g E fiber with local dispersioD: One, the interfering channel, con-
' N sists of isolated rising/falling edges with transition tiche. The
N _~ \_/ other, the probe channel, has constant intensity. In this case, al-
it ] though the probe channel suffers phase modulation as it prop-
l 0 Total dispersion ] U Total dispersion agates through the fiber, the phase modulation responsible for
waveform degradation is imposed in the first walk-off length
Fig. 1. Dependence of the power penalty, induced by SPM-GVD ar[q_4] given by
XPM-GVD interaction, on the total dispersion at the receiver.
AT
Luo = hian (3)

of the transmission line. However, the optimum total dispersion
values with regard to SPM-GVD and XPM-GVD interaction deg oo a ) is the wavelength spacing of the two WDM chan-
viate from zero as s_hown in Fig. 1. . . ._..nels. Therefore, the optimum total dispersion for XPM-GVD
.In the case of smgle channel transmission, this dewatl(?ﬁleraction deviates from zero in the same way as for SPM. The
arises from the following factors. optimum total dispersion for XPMIFXI™M), given by
1) If the signal is initially chirped, since this initial chirping
should be compensated at the receiver, excess dispersion
iS necessary.
2) SPM induces blue shift chirping during transmission th
should also be compensated.
3) SPM is mainly generated near the input end of the fib
(0 < 2 < Ley). Lo is the effective length of the fiber
expressed as [13]

AT
A
‘?‘é independent of local dispersion. In addition, the XPM penalty
is only slightly dependent on the initial chirping and sign of the

er dispersion [15].

Consequently, the optimum dispersion for SPM-GVD sup-
pression is not, in general, equal to that for XPM-GVD suppres-
sion. Moreover, the optimum total dispersion for SPM depends

DM ~ DL, = sgn(D) (4)

Lo =~ {1 - exp(~aL)} @)

wherea is the attenuation coefficient of the fiber, ahds

on the prechirping, local dispersion, and the fiber input power.
Therefore, by properly setting the prechirping and local disper-
sion, we can adjust the optimum total dispersion for SPM-GVD
to equal that for XPM-GVD. In this condition, the waveform

the length of the fiber. Let us consider the signal propagdistortion induced by both effects is minimized. o

tion by dividing the transmission fiber into two segments Although the RZ format has better performance at high-fiber
(0 < 2 < Leg, andLeg < » < L), and suppose that iNpUt powers [16], we assume, in the following of this paper, the
SPM is i_mposed at = L.g. In this model, the local NRZ format for line coding because it facilitates the transmitter

dispersion over the effective length does not affect tfponfiguration and is widely used in current communication sys-

SPM-induced waveform distortion, and causes only smafims-

dispersion-induced waveform distortion. In the following

segment, SPM interacts with the dispersiofl, — L.g), lll. SINGLE-CHANNEL TRANSMISSION

whereD is the local dispersion of the fiber, and causes we will discuss the dependence of single-channel trans-

significant waveform distortion. This means that the locahission characteristics on prechirping, fiber input power, and

dispersion of the first segment is not responsible for thgcal dispersion by the aid of numerical simulations. The

SPM-induced waveform distortion. In order to equalizgystem configuration considered in this simulation is shown in

this SPM-induced waveform distortion, the fiber dispergig. 2(a). The transmitted signal is a single-channel 40-Gb/s

sion of the second segment should be compensated. CRRZ format. The modulator is assumed to be a Mach—-Zehnder

sequently, the total optimum dispersion for SPEE™)  type having chirp-parameter. The transmission line consists

follows of four 100-km dispersion-shifted fibers. In order to minimize
the interaction of SPM and fiber dispersion, in-line dispersion

D™ ~ DL (2) compensation is used. Taking into account the difficulty of
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Fig. 2. (a) System configuration and (b) dispersion map of the single-channel transmission simulation.

dispersion optimization in practical field circumstances, the Wt T LT
compensation ratio of each span is set to 100%, and the total - <
dispersionD;,,; is optimized by adding excess dispersion in
front of the receiver [Fig. 2(b)]. The transmitted waveform
was derived by solving the NLSE using the split-step Fourier
(SSF) method. Here we take the attenuation coefficieat0.2
dB/km, dispersion slopéD/d\ = 0.07 ps/nnt/km, and the
nonlinear coefficienty = 2 W—km~!. Slope compensation
and amplifier spontaneous emission noise are not considered jOU , @ae=07 TR T
in these simulations. 150 -10 3 ) "5 0
Fig. 3showsthe contour plotofthe calculated 1-dB eye opening Local dispersion (ps/nm/km)
penalty (EOP) as afunction of local dispersion, accumulated dis-
persion, and the modulator chirp-parameteat various fiber

-—— e

Total dispersion (psinm)

—— P, = +10 dBm

MET T T T T T VT T T v T T T

input powers. The regions inside the contour lines are the trans- E

mission windows at each fiber-input power. At low-fiber input &

power (P, = +1, +4 dBm), the window does not depend on &

local dispersion, only initial chirping. As the input power in- ﬁ

creases, however, it starts shrinking because of the SPM-induced &

chirping and the window depends on both initial chirping and '_tg

local dispersion. As explained in the previous section, the de- +

pendence on local dispersion is given by (2), which is shown by - T T O
. A 150 <10 5 0 5 10

the dashed and double-dotted lines, which is offset from the zero Local dispersion (ps/nm/km)

total dispersion at the local dispersion of 0 ps/nm/km because
excess positive dispersion is necessary in order to compensate
the SPM-induced blue shift chirping. Clear dependence of the
window on DL, is seen at high fiber input powers-(, +10
dBm). As for initial chirping, negative (blue shift) or zero chirp

150 r|||||1||[|T||“,’lﬁll-—r
wl ©@e=07 7

........

Total dispersion (ps/nm)

is suitable for positive (anomalous) dispersion fibers, while pos- 0— =
itive (red shift) chirp is suitable for negative (normal) dispersion 50 | e ]
fibers. We attribute these optimum combinations to the fact that e [ e

the waveform distortion in the effective length is suppressed by wl T e 7
initial chirping that has opposite sign to the dispersion-induced A ST ST R AT R
chirping. 150..10 £ 0 s 10

. Local di i /
These results suggest that we can control the optimum total ocal dispersion (ps/nm/km)

diSper_Sion Of the Single'Channell tra.nsmiSSion ?Y_C_hanging tﬁs 3. Contour plots of calculated eye-opening penalty as a function of local
local dispersion of the transmission fiber and the initial chirpindispersion and total dispersion.
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Fig. 4. System configuration and dispersion map of four-channel WDM transmission.

IV. WDM T RANSMISSION whered;;, is the walk-off parameter
A. Analysis of XPM-Induced Power Penalty
1 1 1dD 9
When a system is upgraded to handle multiwavelengths, tHbir = U_J_E ~— 9Dk =)+ 27 dn (A = A7) (")
transmission window evaluated for single-channel systems is

restricted by nonlinear interchannel crosstalk effects such @sd At;,.,, is the delay ofcth channel against thgh channel
FWM and XPM. Since XPM causes serious degradation in tBgthe input ofmth fiber section
case of NZDSF transmission, we will evaluate XPM-induced

signal distortion in this section. Of course, computer simulation m—1

yields good predictions as is true for the single-channel case. Atjwm = > [{Dn(Ln—LCn)}

However, when designing a WDM system, we must examine n=l

various parameters such as channel spacing, channel number, ()\k_)\j)Jr} <@) Ln()\k_)\j)2:| (®)
and so on. For this reason, we will take a semi-analytical ap- 2\dr/,

proach to estimating the XPM-induced penalty and check the ] ] ) )
obtained results by computer simulation. whereL,, is the length of the.th section, and.¢,, is the portion
There have been several contributions to the analysis Yfthe fiber length whose dispersion is compensated. _
XPM-induced amplitude modulation [14], [15], [17], [18]. We [N the same way as the previous section, we will consider
start with a brief summary of the formulation. Neglecting thé dispersion-managed transmission I|_ne in which all sections
frequency dependence of the modal distribution on the Sigﬁg}ve thg same vaIue_of local dispersion. In order to eyaluate
wavelength and omitting the FWM component, the propagatié'ﬁe amplitude modulation generated by PM—AM conversion, the

equation for theith channel of WDM signals is given by probe channel_is ass_umed to carry aCW signf_zll. We also assume
that the total dispersion of the target channel is compensated to

0A; a 9A; i 9%A; 1, 934, zero at the output of each section, and that the total dispersion
S PR e A e e e gl e .
dz 277 ot 27 g2 677 o3 is optimized in front of the receiver (Fig. 4). In this case, the
amplitude modulation at the receiver & z, z is the total
=iy | |4;]* +2 Z | Ax|? (5) length of the transmission line) is given by
Kt .
Aj(zi, t) = exp[D]Ao exp [i; (21, )] 9)
where
Aj slowly varying envelope ofth channel \here the dispersion operatbris expressed as
signal field;
B1j = 1/vg4, vg;  group velocity; . , By 02
B2; and 33; quadratic and cubic term in a Taylor se- D=—i {(LN —Lonv — Liuo)f} a2 (10)
ries of the propagation constafit (w),
respectively. In general, since there exist various walk-off lengths,{) de-

Let us consider a transmission line with in-line dispersion corpending on the channel spacin@s — };|), we introduced the
pensation as shown in Fig. 4. Since the waveform change in étéective walk-off lengthZ, in (10). L/, satisfiesd < L/, <
first walk-off length is small, we neglect the dispersion term i\ /(| D|AX), whereA is the minimum wavelength spacing,
(5) for the first approximation. In this condition, the nonlineabut we tookZ!,, = A7/(|D|A)) because the nearest channel

phase-shift due to XPM is expressed as causes the most severe phase shift.
N L In addition to amplitude modulation, we estimated the timing
$i(z, 1) = 2y Z Z/ " jitter. From the frequency chirping given by
AR
m=1 k#j 0 1 a
. |Ak(0, t+ djkz - Atjkm)|26_az dz (6) Af(zv t) = %ad)j(z? t) (11)
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Fig. 5. Calculated XPM-induced phase shift (a) and frequency chirping (b).
we calculated the timing jitter by averaging the frequency 150
chirping over one time sldt;,, E‘W
0w
H 1 it =
A'ri(zt, t)Z—JD(LN—LCN—L,/wO)— Af(zt, t/) dt/. L2
c T /. g 0
(12) o
S -5
. ©
B. Calculation Results Saw |- ',-":' W -
Let us consider a four-channel WDM system as one ex- R WA TR T
ample. Taking account of the high spectral efficiency, 100-GHz -1 40 - ' i 1
spacing has been investigated by using Raman amplification Lagal dispersion (ps/nm/km) ‘
technigue in 40-Gb/s/ch systems [3], [5]. In this calculation, WET T T T T T T T T T T T T
however, the channel spacing was set to 200 GHz because = 0 | ® N _—-gg: /,’ ~_
FWM penalty is dominant in 100-GHz spaced system when <§- —-—-:10ps - .
fiber input power is as high as$10 dBm. We will examine E
the transmission characteristics of the second channel from % 0
the shortest wavelength chann@lz). The waveform of the g
interfering channels was an isolated leading/falling edge with g -0
A7 = 25 ps which corresponds to a 40-Gb/s NRZ format. ._g .
In order to estimate the worst-case for XPM-induced timing + 10 |- 7 i l\\
jitter, the timing of the channels with faster group velocity was P L
delayed byAr from the edge of the channels with slower group Local dispersion (ps/nm/km)

velocity, as shown in Fig. 4 (As for amplitude modulation,
the worst case relative t|m|ng is different from this Case)_ TH-‘eg 6. Contour plots of calculated_ XPM-induceq power penalty and timing
configuration of the transmission line and the fiber parametd"- (@) Power penalty due to amplitude modulation. (b) Timing jitter
were the same as in the previous section: Total leagthx 100
km, a = 0.2 dB/km, dD/d\ = 0.07 ps/nnt/km, andy = 2  Since Fig. 6(a) is the results for the worst case for timing jitter,
W—tkm!, the power penalty would be larger than Fig. 6(a) when the rel-
Fig. 5 compares the phase shift and frequency chirping of ative timing between the channels is set to the worst case for
as calculated by numerical simulation using SSF method anddyplitude distortion. In our calculation, the average fiber input
the approximation. Here the input peak power for each chanpelwer was set ta-10 dBm/ch, and we assumed that the disper-
was+13 dBm/ch (-10 dBm/ch in average), and the local dission of the prove channel (CH 2) is compensated to zero-dis-
persion was 2 ps/nm/km. The waveform obtained from the apersion at the output of the each section, and the total disper-
proximation is confirmed to agree well with the simulation resion is changed by adding the excess dispersion in front of the
sults. receiver, as shown in Fig. 4. The dispersion slope compensa-
Fig. 6 shows the contour plot of calculated power penalty ition is not considered in this calculation. The optimum disper-
duced by PM-AM conversion [Fig. 6(a)] and that of timing jitteision given by (4), shown by the dashed and double-dotted lines,
[Fig. 6(b)] calculated for CH 2 as a function of the local dispedoes not depend on the magnitude of the local dispersion but
sion and the total dispersion, where the power penalty is definealy depends on the sign of the local dispersion (Although the
as the ratio of the minimum intensity calculated from to theptimum total dispersion appears to be dependent on the local
intensity without XPM (power penalty= min[|4;|?]/|40|?). dispersion around the zero-local dispersion, this is caused by the
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software problem plotting the contour line. Besides, the trans- 190 L UL BN 2 DL
mission performance is limited by FWM at these regions). As | (@)o=-0.7 %
the total dispersion deviates from this value, both power penalty
and the timing jitter increases. Moreover, as the local dispersion
deviates from zero, the transmission window extends both for
power penalty and timing jitter. So the high local dispersion is
effective in order to suppress the XPM-induced power penalty
and timing jitter. (However, as the local dispersion increases, , :
the transmission performance is limited by SPM-GVD interac- Ty A Blsa
tion, as shown in Fig. 3.) Since about 3.25 ps timing jitter (13% 150-10 5 D) 5 0
of the bit period) results in 1 dB power penalty when Gaussian Local dispersion (ps/nm/km)
distribution is assumed [19], we take this value as the allow-
able timing jitter, as shown by solid line in Fig. 6(b). (Here the
power penalty is lower than 1 dB because the calculation result
shows the worst case timing jitter.) From Fig. 6, it is clear that
the fiber input power is restricted mainly by the timing jitter due
to XPM-induced chirping when the bit rate approaches 40 Gb/s.
It should be noted, moreover, that the amplitude modulation de-
creases rapidly compared to timing jitter as the local dispersion
deviates from zero. /
The transmission window is the area common to these win- ¢ e—s—o—d— )
dows [Fig. 6(top) and (bottom)] and the single channel trans- Lagal dispersion (ps/nmkm)
mission window (Fig. 3). Fig. 7 shows these three contour plots
for 4-ch WDM transmission ovef x 100 km fiber with the av-
erage fiber input power 6f 10 dBm/ch and the channel spacing
of 200 GHz. There is only a small common areawhea —0.7
[Fig. 7(a)] or 0. [Fig. 7(b)]. This means that it is difficult to
fully suppress the SPM-induced power penalty and XPM-in-
duced power penalty at the same time. In the case ef 0.7
[Fig. 7(c)], on the other hand, there exists a wide transmission . ; X
window (shown by the hatched area) when the local dispersion 100 g J
is negative. Consequently, by using red shift prechirping and 150 b=t 11| PN IR SN
normal dispersion fibers, we can improve the allowable fiber -10
input power.

100
DI=<.
1) ==

0 |- - ¥
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}— £ oameen ¢ XRPM penalty = 1 dB =

Total dispersion (psinm)

00

—
D
S

Ll 1 7 I T ! T T3V § T

(b)x=0

1 - =
3 - b= ©
| T
‘ Fl

1

atal disperssion (ps/nm)
/

X
I

:l.:-JZLLAAA.J
10

2 g
@a S
=9 o

tal dispersion (psinm)
b

Lc;pal dispersfon (ps/nm/ts(m) 10

. . . . . . Fig. 7. Contour plots of (a) calculated SPM-induced eye-opening penalty, (b)
C. Numerical Simulation Using Sp|lt-Step Fourier Method XPM-induced eye-opening penalty, and (c) XPM-induced timing jitter.
In order to confirm these results, we performed 4-ch WDM

simulation using the SSF method for two cases. agement. The experimental setup is shown in Fig. 9. A pro-
Case A) D = 2 psinm/km, Dy, = 70 ps/inm, andw = iotyne transmitter based on high-speed InP HEMT digital IC

—0.7. technology was used [20]. Taking account of relatively small
Case B) D = —2 ps/nm/km,Dy,; = —20 psinm, andv = |4¢4 dispersion of the transmission fiber used in the experiment
0.7. (—1.5 and+1.6 ps/nm/km), the signal wavelengths were sepa-

The same fiber parameters as in the previous sub-section Wefidd by 250 GHzX; = 1549.9 nm, A» = 1551.9 nm, A3 =
used in this simulation. In this simulation, each channel wags3.9 nm, A, = 1555.9 nm). 40 Gb/s NRZ signal{ — 1
modulated by @ — 1 pseudorandom bit sequence (PRBShRBS) were generated by using a LiNpK#ach—Zehnder mod-
where each sequence was shifted by a quarter period from {fior with a low driving voltage of 3.0 V [21]. The chirp param-
sequence of the neighboring channel. Fig. 8 shows the obtairggl «, was controlled by changing the dc bias voltage of the
optical eye patterns before and after transmission for CH 2. Thiy\bO5 modulator. The modulated signals were decorrelated
eye for Case B) [Fig. 8(b)] has clear eye openings, but the ey 20-ps/nm dispersion fibers. The transmission line consisted
for Case A) [Fig. 8(bottom)] shows severe timing jitter and anyf 4 100-km NZDSF with either positive or negative disper-
plitude modulation. These results agree well with the previodgon, Two combinations af and local dispersio were tested.

discussion. Casel)x < 0,andD = +1.6 ps/nm/km.

Case2)a > 0,andD = —1.5 ps/nm/km.

. The average zero-dispersion wavelength of each section was
A. Experimental Setup adjusted to~1552 nm & ;) by using high-dispersion fibers

A 4 x 40 Gb/s transmission experiment was performed {iHDF; conventional dispersion-compensating fibers (DCF) for
order to confirm the effect of prechirping and dispersion mamegative dispersion, SMF for positive dispersion), but the dis-

V. 4 x 40 Gb/s TRANSMISSION EXPERIMENT
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SLELES NLELELELEY BN BLELELAN BRI | channel-by-channel. These differences in spectral widths are
@ ‘ due to the waveform differences at the output of each section
caused by the residual dispersion due to the dispersion slope of
N ] the transmission line.
_/ Fig. 12 shows measured bit error rate (BER) characteristics
for back-to-back and 400-km transmission [Case 2)]. The ac-
S Y T cumulated dispersion for each WDM channel was optimized
0 1 2 ®» & 5] individually by changing the dispersion of the DCF in front
Time (ps) of the receiver. The measured sensitivities at the BER of 10
ranged from—28.1 (\;) to —26.9 dBm(\;) for back-to back,
and —26.0(\z2) to —21.9 dBm(\4) for 400-km transmission.
In both cases, error free operation (BER better than'ip
was confirmed. In Case 1), on the other hand, stable bit error
rate measurements were not possible because timing extraction
failed due to XPM-induced timing jitter. The power penalties
in Case 2), 2.1X;) to 5.9 dB(\4), were caused by the FWM
and weak XPM-induced timing jitter. This timing jitter was not

Power (2. v}
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" Time (ps) suppressed completely because of the residual dispersion at the

output of each section due to the dispersion slope of the trans-
AL B B U BN mission fiber: Since the accumulated dispersion slope per sec-
© L . . .
4 tion is about 7 p&¥nm, the accumulated dispersions per section
due to the dispersion slope ranged freri4 (\;) to 28 ps/nm
2 (A4). Note that the residual dispersion slope shifts the relative
- timing between the channels, and the XPM-induced timing jitter
0 is somewhat relaxed because of this timing shift. The appli-
S SN S VIS S0 SO IS P S cation of the inline dispersion slope compensation reduces the
o e z.nﬁme (ps:)n “ o residual dispersion at the output of each section on the one hand,
but causes realignment of the relative timing between the chan-
Fig. 8. Calculated eye diagrams withx 40-Gb/s, 400-km transmission. (a) Nels on the other hand. Therefore, in addition to the dispersion
Before transmission. (b) After transmissien.= 0.7, D = —2 ps/nm/km, slope compensation, the technique that shifts the relative timing
D 2 ‘T'_(J2SSF/)r?::m. (c) After ransmissiom = —0.7, D = 2 psinm/km, - hatyeen the channels in the transmission line is important in
A ' order to suppress the XPM-induced power penalty and timing
jitter [22]-[24].
persion slope was not compensated in this experiment. The av-
erage power at the input of each section wd<® dBm/ch. At
the receiver side, the total dispersion for each channel was op- VI. CONCLUSION

timized by using HDF, and the transmitted signal was wave-\ye have examined the dependence of the optimum total dis-
length-division demultiplexed by a 1-nm optical bandpass filtefe sion on prechirping, local dispersion and fiber input power
time-division demultlp_lexed by a polarlzanon—lnsensnwe E i 40-Gb/s/ch WDM transmission systems based on NZDSF by
modulator, and electrically demultiplexed to 10 Gb/s and feg,merical simulations and semi-analytical calculations. The op-
into an error detector. timum total dispersion for SPM-GVD interaction was shown to
) deviate, in general, from that for XPM-GVD interaction. Al-

B. Experimental Results though the optimum dispersion for XPM-GVD interaction has

Fig. 10 shows the measured eye diagramsMopf single- only a small dependence on prechirping and local dispersion,
channel and WDM transmission. The accumulated dispersithrat for SPM-GVD interaction is sensitive to all of them. The
was optimized ter-50 in Case 1) and 0 ps/nm in Case 2). In botHifference in local dispersion dependence occurs because the
cases, the eye diagrams for single channel transmission exlaffective length is independent of the local dispersion Eq. (1),
ited clear eye openings [Fig. 10(b) and (d)]. In the case of WDMhile the walk-off length is inversely proportional to it Eq. (3).
transmission, however, the eye in Case 1) was closed due toTihe optimum dispersion values for SPM-GVD and XPM-GVD
timing jitter induced by the interaction between XPM and accwan be made to match by combining red shift chirping and neg-
mulated dispersion [Fig. 10(c)]. On the contrary, the combinative dispersion fibers. This yielded the highest input power
tion of negative dispersion and positive initial chirp suppressedthout waveform degradation. An XPM-induced penalty es-
this timing jitter and clear eye opening was obtained [Fig. 10(e}jmation showed that transmission performance of high bit rate

The measured optical spectra before and after transmissWiDM systems is severely restricted by timing jitter, which is
are shown in Fig. 11. Since the ratios of the FWM componentst so serious in lower bit rate systems. In our theoretical anal-
to the transmitted signal are about 25 dB, the FWM-inducsagis, the effective length is supposed to be independent on the
penalties were small in both cases. Spectral broadening causedl dispersion. This is valid when the waveform change within
by SPM was observed, and the spectral widths differed slightlye effective length is small. In highly dispersive systems such

Power (a.u.)
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Error 206
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Fig. 9. Experimental setup.
(a) Tx autput

Pin: +10 dBm/ch -

[P

| Pin: +10dBm

(e) 4 x 40 Gbit/s

(d) Singie channel

Pin: +10 dBm Pin: +10 dBm/ch

Power (10 d8/div)

Fig. 10. Measured eye diagrams. (a) Before transmission. (b) Aftgrg‘ 11.

single-channel transmissioa. < 0, D = 1.6 ps/nm/km,D,,, = 50 ps/nm.
(c) After 4 channel transmission. < 0, D = 1.6 ps/nm/km,D,,, = 50
ps/nm. (d)After single-channel transmission.> 0, D = —1.5 ps/nm/km,
D, = 0 ps/nm. (e) After 4 channel transmissian. > 0, D = —1.5
ps/inm/km,D,,, = 0 ps/nm.

as picosecond pulse transmission over SMF, however, the signal
pulse broadens immediately at the input of the fiber because of

the fiber dispersion. In these systems, we believe that the depen-
dence of the effective length on the local dispersion should be

taken into account.

The calculated results were confirmed inxa40 Gb/s WDM
transmission experiment. By using red shift prechirping and
negative dispersion fibers 4100 km transmission was suc-
cessfully demonstrated at the average fiber input powerldf
dBm/ch. In this experiment, however, channel-dependence of
the optical spectrum and that of the bit error rate characteristics,
caused by the residual dispersion due to the dispersion slope of
the transmission fiber, was observed. Therefore in-line disper-
sion slope compensation will be necessary in order to transmit a
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number of channels at such high input powers. In addition, thig. 12. Measured BER characteristics.
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