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Abstract—This paper analyzes in detail numerically a 40-Gb/s the transmission distance [7], [8]. Recently, an inline syn-
return-to-zero (RZ) transmission system over a transoceanic dis- chronous modulation technique for a DM line composed of
tance in a strongly dispersion managed line composed of standard DSF and DCF has been proposed [1], [9]. This approach is

single-mode fiber (SMF) and dispersion compensation fiber (DCF). “ " . ; .
We derived a periodically steady-state pulse (a DM soliton) ina DM called “black-box” optical regeneration (BBOR). A similar

line. Since the pulse width of a steady-state pulse is too broad for a technique has already been used to stabilize the soliton energy
40 Gb/s system, the conventional in-line synchronous modulation in WDM soliton transmission with DSF [10]. Here, we extend
technique cannot greatly improve the transmission quality. How- the modified soliton control method (BBOR) to a strongly
ever, we founc_:l th_at the modified inline synchronpus modulation DM line composed of SMF and DCF. In this paper, we show
technique, which is reported as the black-box optical regenerator . .

[1], can effectively extend the transmission distance even in such anumencally that 40-Gb/s RZ pulses gan be_ translmltted. PVef
strongly DM line. We discuss the mechanism of the modified syn- more than 20 000 km through a DM line using this modified
chronous modulation technique with respect to a steady-state pulse soliton control method. To our knowledge, this is the first
in a transmission line, and show that a 40-Gb/s RZ signal can be 40-Gb/s RZ transmission system over transoceanic distances in
transmitted over 20 000 km. a DM line with SMF and DCE.

Index Terms—Dispersion managed (DM) soliton, 40 Gb/s, op-  In Section Il, we show the method we used for the numer-
tical soliton, optical transmission, soliton control, standard fiber, jcal simulation. In Section I, we describe the characteristics of
transoceanic system. a 40-Gb/s RZ transmission system in a DM line composed of

SMF without in-line synchronous modulation. We calculate a
|. INTRODUCTION steady-state pulse in a DM line (a DM soliton) and show that a
0-Gb/s RZ signal cannot become a steady-state pulse through

PTICA.L tr_ansrmssmn using a dispersion managgd ( ‘ransmission. In Section IV, we describe the characteristics of a
transmission line composed of standard (nondlspers%e

. : : ) N B-Gb/s transmission system in a strongly DM line with con-
.sh|fted). fiber (SMF) and dispersion cpmpt_ansaﬂon f|b§r (DC.:',: ntional in-line synchronous modulation. We show that the
IS very |r|t[1_p|0rtar;t |_r|1_é?\;|ms Odf develf)plntg]hh(;gh-_speed tllcmle div “onventional synchronous modulation technique cannot greatly
?\I/?/Bnr;)u S'psf;(;s( Hi h)_(?; a‘gfvevsg%ﬂ trall\rlwlzlrginsgoun 'g\?exf mprove the transmission quality in a strongly DM line. In Sec-

Y - nigh-capacily L jon V, we show that the modified synchronous modulation tech-
Th/s [2], WDM transmission over transoceanic distances [

: o igue can effectively extend the transmission distance, and that
and single channel 40 Gb/s transmission over 1000 km [4] h 0-Gb/ : ; : :
! . -Gb/s RZ signal can be transmitted in a strongly DM line
already been reported in a DM line that used SMF and D g gy

ith SMF t ic dist ing th ifi -
Single channel 40-Gb/s transmission over 10 000 km has a| SMF over a transoceanic distance using the modified syn

b red i di . 4 (DM) Ii onous modulation technique. We discuss the mechanism of
een reported in a dispersion managed (DM) line COMPOSER, modified synchronous modulation technique with respect to

of dispersian shified fiber (DSF) and DCF [5]. However, i.t:l steady-state pulse in a DM line. We analyze the dispersion tol-

seems difficult 0 :jr_ansmn a s_lﬂgISeM'c:hangelljég-(;b/s sign lance and the power margin, and show that the optimization of
over transoceanic distances wit an , because %ngth of highly nonlinear fiber (HNF) can improve the ro-

nonlinear interaction (pulse overlapping) between adjace.[mStness of the system design.
pulses is large and limits the transmission distance [6].
The technique of soliton control, especially in-line syn-
chronous modulation, is a very powerful way of extending Il. SYSTEM PERFORMANCEEVALUATION METHOD

We consider a single channel 40-Gb/s system composed of
Manuscript received March 21, 2000; revised June 21, 2000. standard fiber (nondispersion-shifted fiber, SMF) and disper-
The authors are with the High-Speed Nonlinear Optical Transmission Reipn compensation fiber (DCF). We used the split step Fourier
search Group, Nippon Telephone and Telegraph (NTT) Network Innovation . Ly .
Laboratories, Kanagawa 239-0847, Japan (e-mail:sahara@exa.onlab.ntt.chE’_.thOd to calculate the nonlinear Schrodinger equation [11].
Publisher Item Identifier S 0733-8724(00)09108-8. This equation expresses the propagation of a pulse in a fiber,
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Fig. 1. The configuration of a 40-Gb/s RZ system in a DM line composed of SMF and DC.

and includes the effects of fiber loss and third order dispersiarhirped Gaussian function to simplify our analysis. This chirped
Fig. 1 shows the configuration of a system in a strongly DNbaussian function is expressed by

line composed of SMF and DCF. The 40-Gb/s pulse train was y

generated at the transmitter (Tx). The pulse was sech-shaped or u(t) = A, eXp( (14 iC)—— t ) @)
Gaussian-shaped with a full-width at half-maximum (FWHM) 21+

of 5 ps, and the pseudorandom bit sequence (PRBS) length

27 — 1. The generated pulse was chirped by a fiber with a dWe use the following expression instead of (2) [18]

persionD,,. installed after the transmitter (prechirp). The SMF 1+ Doy, W2 12

was 50 km long with a dispersion of 16 ps/lkm/nm. The fiber u(t) = A; exp< Vi Durp o 5) 3)
loss, third order dispersion, nonlinear Kerr coefficient and effec- Chirp

tive mode area of the SMF were 0.25 dB/km, 0.07 ps/kn?/nm AW = 2v1n 2W. 4)

2.24 x 1072° m?/W and 78u.m?, respectively. A dispersion

compensation fiber (DCF) was installed after every SMF. Wdere, AW is spectral width FWHM and ¢y, is the disper-
considered only the dispersion effect of the DCF and disrsion that is related to chirg¥? and D¢y, correspond toy
garded the nonlinear effect, third-order dispersion, and lossafd C in [18]. When this pulse is transmitted through a fiber
DCF, because a dispersion compensation unit can be employ&ih a dispersion of-Dcy,irp,, @ transform-limited pulse with a

instead of DCF. The average dispersif. is given by FWHM of AT is obtained as follows:
1 ¢
dave = (16 % 50 + Dpcr)/50 (1) wh) =42 exf’(‘ma) ©
where Dncr is the DCF dispersion in ps/nm units. The noise AT = 2vV1In 2% =~ % (6)

figure of the erbium doped fiber amplifier (EDFA) was 6 dB, and
an optical filter was installed after every EDFA. The chirp of the Fig. 2 shows the evolution of the spectral width aigy;,,,
transmitted pulse was compensated for by a fiber with a dispeneasured at every EDFA, when a single pulse is transmitted
sion Dy, installed before the receiver (postchirp). The opticah a DM line as shown in Fig. 1. We estimaf@cy,;, from
signal was detected by an ideal photodiode (quadratic detecti® amount of dispersion necessary to compensate optimally
and filtered with a second-order Butterworth type low-pass elefor the chirp of the pulse, i.e., the dispersion which minimizes
trical filter with a bandwidth of 26 GHz. We used thefactorto  the root-mean-square (rms) pulse width. They,,, at the first
evaluate the quality of the received data [12], [13]. We defindeDFA corresponds t®,,... We calculated the evolution for a
the transmission distance as the distance at whicltfiector pulse energy of 53 fJ, and an average dispergiQn.) of zero.
is greater than 7, and we calculated this distance for various cile set the optical filter bandwidth at 3 nm. When the spectral
ditions such as EDFA output power and average dispersion. width at the transmitte(AW,) and D,,,. were 0.7 nm and 0
ps/nm, respectively, the spectral width decreased rapidly with
IIl. RZ TRANSMISSIONSYSTEM IN A DISPERSIONMANAGED ~ Propagation (open circles). A spectral width of 0.7 nm corre-
LINE sponds to an FWHM of 5 ps. Whdh,,.. was changed te-250
ps/nm, the spectral narrowing was slightly suppressed (open
squares). When the optical filter bandwidth was changed to 7.5
A periodically steady-state pulse, in which the dispersion eim and D, was set at-100 ps/nm, the spectral width nar-
fect is balanced with the nonlinear effect, can exist in a dispepwed slowly (filled squares). However, when théVy, D,
sion managed transmission line, and is called a dispersion mane optical filter bandwidth were 0.2 nm,240 ps/nm and 3
aged (DM) soliton [14]-[19]. The solution of a DM soliton camm, respectively, we observed no variation in the spectral width
be obtained numerically by the split step Fourier method [15r Dcu,i:p With propagation (open triangles). That means that a
[16], and by the variational method [17], [18], [20]. In this secsteady-state pulse is transmitted under this condition, and these
tion, we calculate the solution of a DM soliton in a system aAW, andD,,. values are the solution of a DM soliton. A spec-
shown in Fig. 1. tral width of 0.2 nm corresponds to an FWHM of 17.5 ps. When
A DM soliton is Gaussian-shaped with dips at the pulse tathe initial spectral width was 0.7 nm, the pulse approached a
[21], which is expressed by a set of Hermite—Gaussian orthageady-state pulse with propagation, thus the spectral width ap-
onal functions [22], [23]. We approximate a DM soliton as aroached 0.2 nm. This indicates that the pulse broadens when

A. Solution of a steady-state Pulse (DM Soliton)
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Fig. 2. The evolution of spectral width and.,,;,, measured at EDFA. (a)
Spectral width, (0D cuirp. O: 7 (Initial pulse width)= 5 ps, D,.. (Prechirp (b)

dispersion)= 0 ps/nm,AX, (Optical filter bandwidth)= 3 nm.3: 7 = 5
ps,Dyre = —250 psinm,AX; = 3 nm.B: 7 = 5 ps,D,,,.. = —100 ps/nm,
ANy =75 nm.A: 7 =175 ps,Dpre = —240 ps/inm,AX, = 3 nm.

Fig. 3. The spectral width anB.,,;,,, of a DM soliton measured at an EDFA
as a function of pulse energy. (a) Spectral width,IiR),;v,. O: dave (average
dispersion)= —0.1 ps/km/nm.3: d,v. = —0.05 ps/km/nm.o: daye = 0
ps/km/nmA: d.,. = 0.05 ps/lkm/nmsy: d.,. = 0.1 ps/lkm/nmo: d,,. =0

. . . ps/km/nm. The optical filter bandwidth is 3 nm @b o Az, and 7.5 nm for
a pulse with an FWHM of 5 ps is launched into a strongly DM;.

line.

Fig. 3 shows the spectral width adek,;,, of a DM soliton . .
measured at an EDFA as a function of pulse energy and tlﬂlaometers,becausethepulseW|dthwastoobroad.Thus,weused

average dispersion. When the average dispersion is anoma%rﬁéh't'al pulse with an FWHM O_f 5psinthe fo.llo_vvm.g analysis.
or zero, the spectral width of a DM soliton is narrower than Fig- 4 shows the transmission characteristics in a 40-Gb/s
0.27 nm. This indicates that there is no solution of a DNiyStéminaDMline composed of SMF, as showniin Fig. 1. This
soliton shorter than an FWHM of 13 ps. When we evaluafi§ure shows the transmission distance over whichighactor
the present transmission system using-factor, the FWHM IS more than 7 as a function of average_d|sper3|0n. W_e 0_pt|-
of a Gaussian-shaped pulse must be shorter than about hdffiged the EDFA output power to maximize the transmission
bit slot time for a highQ-factor. This means we cannot obtairfliStance. We used a Gaussian shaped pulse with an FWHM of
a high Q-factor in a 40-Gb/s system by using the solution R ps at t_he transmltlter. We calpulated the transmgspn distances
a DM soliton in a D line composed of SMF and DCF. WheM/ith various pre-chirp dispersio®),...) and we optimized the
the average dispersion is normal, we can obtain a DM soIitBHStCh'rP dispersioQD os: ) to maximize the_ transmission dis-
with a spectral width of 0.38 nm, hence with an FWHM of 9.3ance. Fig. 4(a) shows the transmission distance when the op-
ps. However, the energy of this solution is large and it cause8G@! filter bandwidth was 3 nm. When the average dispersion
large nonlinear interaction with adjacent pulses. is zero, the op'umuerpre value.for maximizing the transmis-
sion distance is-250 ps/nm “A” in Fig. 4(a). The EDFA output
power is 0 dBm, and th®,,.s; is 250 ps/nm. Under these con-
ditions, we can achieve a transmission distance of about 2 500
Whenwe usedthe solution ofa DM soliton asthe initial pulse km. Fig. 4(a) shows that a transmission distance of more than
a40-Gb/s systeminaDM line as shownin Fig. 1, we were unat#600 km can be achieved by optimizidg,.., even when the
to obtain a transmission distance of more than several hundesgrage dispersion varies betweed.2 and 0.2 ps/km/nm.

B. Transmission Characteristics of a 40-Gb/s System
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e propagation. This reveals that the optimum condition for maxi-
225 EreChie=100ps/nm mizing the transmission distance is not a steady-state pulse for

3000 a 40-Gb/s system in a strongly DM line composed of SMF.

IV. RZ TRANSMISSION SYSTEM WITH CONVENTIONAL

2000 SYNCHRONOUSMODULATION

A. The Conventional Synchronous Modulation Method

The inline synchronous modulation technique was developed
to extend the transmission distance considerably in a soliton
line, in which the dispersion is uniform over the transmission
1000 line [7], or in a weakly DM soliton line, in which the cumu-

05 e %5 lative dispersion is small [24]. In this section, we analyze the

Average Dispersion (ps/km/nm) N .. . .
transmission characteristics in a strongly DM line composed of

Transmission Distance of Q>7 (km)

@) SMF using the above technique. Fig. 5 shows the configurations
for the conventional in-line synchronous modulation technique
e employed in a DM line. Fig. 5(a) show§ the conflguratlon of
3000 —o— PreChirp=-200psinm the synchronous modulator. The transmitted pulse is modulated

in an intensity modulator by a baseband clock signal extracted
from a part of the transmitted pulses. Fig. 5(b) shows the trans-
mission system in a DM line composed of SMF that uses an
inline synchronous modulator. In our present analysis, the syn-
chronous modulator is installed every five repeaters (250 km).
The modulation function we used is

() = 1+ cos(7/2(1 + cos Bt))

1000 2
05 0 0.5

Average Dispersion (ps/km/nm) where B is the bit rate. A synchronous modulator is installed

®) in the middle of the DCF. We set the cumulative dispersion
of the DCF before and after each synchronous modulator at

Fig. 4. The transmission distance over which €dactor is more than 7 in - D andD s/nm. respectively. We set t

a 40-Gb/s system in a DM line composed of SMF. The optical filter bandwidi(!QDCFh. (IjM . IMa% ! / P ha)f/.) :F‘Tre

is 3 nm in (a), and 7.5 nm in (b]D: D, (prechirp dispersion)= 0 ps/nm. Pre-chirp ispersion) abry ps/nm, so t ~Chirp at the In-

e: D, = —100 ps/nm.0: D,,,, = —200 ps/nm.M: D,,,. = —250 ps/nm.  tensity modulator approaches zero D¢w;, is far from zero,

A Do = —300 ps/nm.A: Dy,,. = —400 ps/inm. some of the pulse energy leaks into adjacent bit slots by the in-

tensity modulator. Moreover, if the transmission distance were

Next, we optimized the optical filter bandwidth. The optimuni© be over 20 000 km, the pulse would become a periodically
bandwidth is defined as the bandwidth at which the maximufteady-state pulse. We assume thaf,;., at the intensity mod-
transmission distance is obtained. Fig. 4(b) shows the tratéator of the steady-state pulse is close to zero for the same
mission distance when the optical filter bandwidth is 7.5 nnf¢@son. We calculated the transmission distance with the syn-
which is the optimum bandwidth of the optical filter in thisChronous modulator at various positions, thalig;, and we
case. When the average dispersion is zero, the optifym optlmlzedpl)ost (postchirp dlspersmn).to maximize the trans-
for maximizing the transmission distance-i400 ps/nm “B”in Mission distance. We used a Gaussian-shaped pulse with an
Fig. 4(b). The EDFA output power is 0 dBm and thg,; is FWHM of 5 ps at the transmitter. A narrowband optical filter
100 ps/nm. Under these conditions, we can obtain a transnifsindispensable for stabilizing the energy of the pulses in the
sion distance of about 2700 km. Fig. 4(b) shows that a transm$§/iton system with the synchronous modulator, however the
sion distance of more than 2000 km is possible if we optimiﬂJlse energy can be stabilized without any narrowband optical
theD,..., even when the average dispersion varies betwdkeh filters when a synchronous modulator is installed in the middle
and 0.1 ps/km/nm. of the DCF in a DM soliton system [25]. Thus, we calculated

In a 40-Gb/s system, the factors which limit the transmissidhe transmission distance using optical filters with various band-
distance are nonlinear pulse broadening and nonlinear pd@gths-
interaction (interaction is described in the next section), and o o )
these effects can be reduced by optimizing the pre-chirp dR- Tran§m|SS|on Characteristics of a 40-Gb/s System with
persion [6]. We can obtain a transmission distance of apprdx@nventional Synchronous Modulation
imately 2700 km by optimizing the prechirp dispersion. The Fig. 6 shows the transmission distance for which the
evolutions of spectral widths under the conditions marked wifactor is more than 7 in a 40 Gb/s system with conventional
“A” and “B” in Fig. 4 are shown by the open and filled squaresynchronous modulation as shown in Fig. 5. The initial pulse
in Fig. 2(a). Even under these conditions, the spectral widtlssGaussian-shaped with an FWHM of 5 ps. The transmission
become narrower, indicating that the pulsewidths broaden widfstance is slightly longer when the optical filter bandwidth

2000 p—7

Transmission Distance of Q>7 (km)

()
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Fig. 5. The configuration of a 40-Gb/s RZ system using the conventional inline synchronous modulation technique. (a) The configuration ofdheusynchr
modulator. (b) The configuration of the system with the synchronous modulator.

The pre-chirp dispersion is zero, and the postchirp dispersion is

+--0-- PreChirp=0ps/nm . . . .
10000 B ALl Lo . zero. Fig. 7(a) shows that a pulse is broadened by transmission
U2 BraChie-d00psiom over 1 000 km when it is transmitted in a strongly DM line. This
—a———F'reCh:rp—-wOps/nm 7.5 nm

is the result of spectral broadening, whichis described in the pre-
vious section. InFig. 7(b), we see thatthere isinteraction between
adjacent pulses when a pair of pulses is transmitted in a DM line.
Fig. 7(c) shows that synchronous modulation removes the tall
of a broadened pulse. However, we find that a small amount of
pulse energy escapes to the adjacent bit slots. Fig. 7(d) shows that
alargeramountofthe pulse energy leaksto adjacentbitslotswhen
a pair of pulses is transmitted than when a single pulse is trans-
] mitted. In summary, when the pulses are transmitted in a strongly
05 DM line with synchronous modulation, the pulse energy leaks to
Average Dispersion (ps/km/nm) the adjacent bit slots because of the nonlinear pulse broadening
Fig. 6. The transmission distance over which €dactor is more than 7 in and nonlinear pulse interaction. This escaped energy causes bit

a 40 Gbl/s system in a DM line with conventional synchronous modulatiofITOr in @ transmission system.

1000

Transmission Distance of Q>7 (km)

100

-0.5

O: Dy (prechirp dllsperswn)— 0 ps/nm.e: ;meAz —100 ps/nm. The synchronous modulation technique can suppress the
O Dpre = —200 ps/inm.B: D,,.. = —300 ps/nm.A: Dy,.. = —400 ; ; ;

ps/nnf.v: Do = —100 ps/nm}.)The optical filter bandwidih is 1.5 nm fc)rsmall amountofenergythat I.eaks into adjacent bltslqtsthr_ough
O o OBA, and 7.5 nm fory. the nonlinear effect in a uniform or weakly DM soliton line

[26]. However, the nonlinear effect is weak in a DM soliton
is 7.5 nm than when it is 1.5 nm. A maximum transmissioline, and synchronous modulation cannot sufficiently suppress
distance of 3 750 km can be achieved when the averdgéked energy. This is why the conventional synchronous
dispersion, EDFA output power, prechirp dispersion, postchifodulation technique only provides a small increase in the
dispersion, and optical filter bandwidth are 0.0 ps/km/nm, IBansmission distance in a strongly DM line.
dBm, —100 ps/nm, 100 ps/nm, and 7.5 nm, respectively. The
increase in the transmission distance is approximately 1000 RZ TRANSMISSIONSYSTEM WITH MODIFIED SYNCHRONOUS
km, however, the synchronous modulation technique cannot MODULATION
extend the transmission distance to more than 10 000 km in a . . )
strongly DM line. A. The Modified Synchronous Modulation Technique

Thereasonisdescribedbelow. Fig. 7 showsthe pulse wavefornwith the modified synchronous modulation technique highly
evolution when a single pulse or a pair of pulses is transmittednlinear fiber (HNF) is added to the conventional synchronous
ina DM line. Fig. 7(a) and (b) show the waveforms in a DM linenodulation technigue to improve the transmission quality of a
without any synchronous modulation, and Fig. 7(c) and (d) shaystem in a strongly DM line. This principle is the same as the
the waveforms in a DM line with synchronous modulation. ThBBOR approach reported in [1]. A similar adoption of HNF is
average dispersionis zero, and the EDFA output power is 0 dBraported in [10]. In this section, we show how the transmission
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a soliton transmission system that is perturbed by a DM line
with conventional synchronous modulation. We set the optical
filter bandwidth at 1.5 nm. The HNF dispersion, effective mode
area of the HNF and energy of the pulse in the HNF was 1.8
ps/km/nm, 13:m?, and 6 dBm, respectively. Under these con-

ditions, a fundamental soliton with an FWHM of 5 ps can be

transmitted in HNF, and the soliton period is 5.2 km. We disre-
garded the loss and the third order dispersion of the HNF.

B. Transmission Characteristics of a 40-Gb/s System with
Modified Synchronous Modulation

Fig. 9 shows the transmission distance over which the
Q-factor is more than 7 in a 40-Gb/s system in a DM line with
modified synchronous modulation. We set the HNF length at
5.2 km (1 soliton period). The open circles show the trans-
mission distance in a 40-Gb/s system without a synchronous
modulator. The filled circles show the transmission distance in
a 40-Gb/s system with conventional synchronous modulation.
The open squares show the transmission distance in a 40-Gb/s
system with the modified synchronous modulator. The initial
pulse is sech-shaped with an FWHM of 5 ps. Fig. 9 shows that
the modified synchronous modulation technigue can extend the
transmission distance to over 20 000 km even in a strongly DM
line. This is achieved when the average dispersion is around
zero. The dispersion tolerance, for which the transmission
distance is over 20 000 km, is 0.02 ps/km/nm.

Modified synchronous modulation can extend the transmis-
sion distance for the reason described below. Fig. 10 shows the
change in the pulse width (FWHM), spectral width afigy;.,,
around 10 000 km when a single pulse is transmitted in a DM
line with modified synchronous modulation. The average dis-

Fig. 7. The pulse waveform evolution. (a) A single pulse transmission in a DRiErsion is zero and the EDFA output power is 0 dBm. Under

line without synchronous modulation. (b) Two pulses transmission in a DM linese conditions, a transmission distance of over 20 000 km

without synchronous modulation. (c) A single pulse transmission in a DM li . . . N

with synchronous modulation. (d) Two pulses transmission in a DM line Wirt]‘fﬁ>an be achieved. The DU|Se IS tra.nsformed into a p_er'Odlcally

synchronous modulation. steady-state pulse through transmission, and these figures show
the periodical change of this steady-state pulse. When the pulse

distance can be extended to a transoceanic distance in a strofyy nsmitted in a DM line composed of SMF and DCF, the

DM line composed of SMF using the modified synchrono ctral width is narrowed and the pulse width is broadfened, be-

modulation technique. cause the.pulse approaches a steady-state in a DM line. When
Fig. 8 shows the configuration of a system in a DM line with€ pulse is transmitted through'a synchronous modulgtor, the

the modified synchronous modulation technique. An HNF [2 WHM of the pulse decreases slightly. When the pulse is trans-

is installed after a synchronous modulator. We set the energ jfted tlhro_gghhbHNI;, the ??{HM of tlhe_ pulds_e decr_ease;:slfna:\f;g
the transmitted pulse in the HNF at spectral width broadens. The cumulative dispersion of the

is about 9 ps/nm, however, thBcyi, IS almost unchanged.
This indicates that the pulse is nonlinearly compressed as it

E=In(vV2+ 1)7r2n20 - Aest passes through the HNF. In other words, the pulse approaches a
22 dunr steady-state in the HNF forming a pure soliton with an FWHM
= 0.8817r2n CT—Aeff (8) of 5 ps. Thus, the nonlinear pulse broadening in a DM line can
2 in

be suppressed by the pulse compression in the HNF.

where dynr is the HNF dispersion and,, is the FWHM of In the previous section, we described how the pulse is de-
an initial pulse. This equation means that a fundamental solitgraded by nonlinear pulse broadening and nonlinear interaction
with an energyF and an FWHM~r;,, can be transmitted in a with adjacent pulses as it passes through a DM line. The non-
HNF. The average dispersiah,. is defined as (1), from which linear pulse broadening is compensated for by the HNF, and
the HNF dispersion is excluded. In our analysis, we installedtae nonlinear interaction is compensated for by the synchronous
synchronous modulator every five repeaters (250 km). The imrodulator. Moreover, the small amount of energy that leaks to
tial pulse was sech-shaped with a 5-ps FWHM. We did not uadjacent bit slots can be suppressed by soliton control [24], pro-
Gaussian shaped pulses because this system is considered tadael by an HNF and a synchronous modulator. Thus, both HNF
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Fig. 8. The configuration of a 40-Gb/s RZ system using the modified inline synchronous modulation technique.
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in a 40-Gb/s system in a DM lin&): Without synchronous modulation: : P L
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modulation. The initial pulse width is 5 ps, and the prechirp dispersion is = '
ps/nm. The optical filter bandwidth is 3 nm @b, and 1.5 nm foe . £ o
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and a synchronous modulator are indispensable if we wish to ¢ £ EY
tend the transmission distance in a strongly DM line. 3 e
Fig. 11 shows the pulse waveform evolution when a sing  * b 5 10
pulse and a pair of pulses are transmitted in a DM line with mot e
ified synchronous modulation. The average dispersion is ze 03 M Intensily 20
and the EDFA output power is 0 dBm. Fig. 11(a) shows ths 10,000 10,250 10,250 10,500
the pulse broadening can be suppressed when a single puls _ _ Length(km)
transmitted in a DM line with modified synchronous modula- (b)

.tion' Fig' 11(b) shows that the pU|Se broad?ning and nqn"n%. 10. The evolution of the pulsewidth, spectral width, dngl:,, when a
interaction can be suppressed when a pair of pulses is trasisgle pulse is transmitted in a DM line with modified synchronous modulation.
mitted in a DM line with modified synchronous modulation. Wé?) Pulsewidth. (b) Spectral width aris,i.p .

did not observe any escape of the pulse energy into adjacent bit

slots. The small amount of energy that escapes to adjacentfiFA gain at the value found around 20 000 km in the analysis
slots can be suppressed by the soliton control mechanism [2f].Figs. 7(c) and 11(a). The dotted line shows the energy evolu-
It has been reported that the main benefit of BBOR is to réen when conventional synchronous modulation is employed.
cover the efficiency of the pulse energy stabilization [1], [28]The solid line shows the energy evolution when modified syn-
Here, we discuss the stabilization of pulse energy in a stronglgronous modulation is used. The pulse energy is not stabilized
DM line with modified synchronous modulation. Fig. 12 show@ a DM line with conventional synchronous modulation, how-
the evolution of the pulse energy when pulses with various egwver, the pulse energy can be stabilized in a DM line with mod-
ergies are launched into a strongly DM line with convention#ied synchronous modulation. Thus, HNF is effective in stabi-
and modified synchronous modulation. We calculate the pulzing the pulse energy in a strongly DM line.
propagation under the conditions used in Fig. 7(c) (conventionalThus, a 40-Gb/s RZ signal can be transmitted over 20 000
synchronous modulation) and Fig. 11(a) (modified synchronoks in a strongly DM line composed of SMF using the modified
modulation), except that the EDFA gain is constant. We set tegnchronous modulation technique.
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Fig. 13. Acontour plot of th€)-factor at 20 000 km as functions of the average
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HNF is longer, the pulse is stabilized more strongly, and this im-
proves the power margin and dispersion tolerance.
Fig. 12. The pulse energy evolution when pulses with various energies areyye can consider a DM line with modified synchronous
launched. Dotted line: with conventional synchronous modulation. Solid line; . . .. .
with modified synchronous modulation. modulation to be a soliton transmission line composed of HNF
with synchronous modulation that is perturbed by the DM
. line. Under this assumption, a longer HNF means a longer
C. The Effect of the Length and Position of HNF modulator spacing, and this worsens the transmission quality.
Fig. 13 shows the dispersion tolerance and power margin iff us, there is an optimum HNF length with which to obtain the
40-Gb/s system in a DM line with modified synchronous modsest transmission quality. Fig. 14(a) shows contour plots of the
ulation. These figures show contour plots of thefactor at 20 (-factor at 20 000 km as functions of EDFA output power and
000 km as functions of average dispersion and EDFA outpdNF length. The average dispersion is zero. When the HNF
power. The HNF is 5.2 km (1 soliton period) in Fig. 13(a), anngth is about 2 to 3 soliton periods, the largest power margin
15.6 km (3 soliton periods) in Fig. 13(b). When the HNF lengthnd the highes)-value are obtained.
is 1 soliton period, the power margin is 6 dB, and the dispersionWith the modified synchronous modulation technique, we
tolerance is 0.02 ps/km/nm. When the HNF length is 3 solitanstall the HNF after the synchronous modulator, while the
periods, the power margin can be improved to 10 dB, and thiNF is installed before the synchronous modulator in the
dispersion tolerance to 0.09 ps/km/nm. BBOR. We install the HNF after the synchronous modulator
The power margin can be improved with the longer HNF fdsecause this improves the transmission quality. Fig. 14(b)
the following reason. When the EDFA output power is too smakhows the transmission quality when the HNF is installed
the signal-to-noise ratio (SNR) becomes low. When the EDH#efore the synchronous modulator (BBOR configuration).
output power is too large, nonlinear pulse interactions with athis figure shows contour plots of thg-factor at 20 000 km
jacent pulses degrade the pulse quality. When the average ds-functions of EDFA output power and HNF length. The
persion is too far from zero, a larger amount of energy leaksttmnsmission quality is slightly worse compared with Fig. 14(a)
adjacent bit slots, because the pulse is greatly broadened at(the configuration), and this is particularly noticeable in the
synchronous modulator owing to residual dispersion. When thigh EDFA output power region+4 dBm). This difference

Length (km)
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DM line composed of SMF and DCF. We derived a periodically
stable pulse (DM soliton) in the DM line. The pulsewidth of a
steady-state pulse is too broad for a 40-Gb/s system. This means
a 40-Gb/s RZ signal cannot be transformed into a stable short
pulse through propagation, and the effectiveness of the con-
ventional in-line synchronous modulation technique is insuffi-
cient to improve the transmission quality. However, the mod-
ified inline synchronous modulation technique can effectively
extend the transmission distance even in such a strongly DM
line. By using modified synchronous modulation, a steady-state
pulse with a shorter pulse-width can be transmitted, because the
broadened pulse in a strongly DM line can be compressed as
it propagates in HNF. We found that it is possible to transmit a
40-Gb/s RZ signal over 20 000 km in a DM line composed of

(Soliton Period)
@
12

(1

EDFA Output Power (dBm)

'8 T T T T T
0 2 4 6

Length of High Nonlinear Fiber
(Soliton Period)

(b)

Fig. 14. A contour plot of th&)-factor at 20 000 km as functions of HNF
length and EDFA output power (launched power into SMF). (a) The HNF is
installed after a synchronous modulator and (b) before a synchronous modulator.

(2]

(3]

is mainly due to the difference in the timing jitter. That is, the [
timing jitter is suppressed more strongly in our configuration
than in the BBOR configuration. We believe this to be for
the following reason. The timing jitter is induced when the
pulse is transmitted in the DM line, and it is suppressed
by the synchronous modulator. However, when the pulse isg
transmitted in the HNF, the pulse interacts nonlinearly with
the adjacent pulses, and more timing jitter is induced. The
nonlinear interaction in HNF is greatly affected by the pulse 7]
tail, and the synchronous modulator eliminates the pulse tail
energy. Thus, when the HNF is installed before a synchronous
modulator, the tails of pulses transmitted in the HNF have (8]
considerable energy, and the timing jitter is more induced
more strongly. In contrast, when the HNF is installed after the
synchronous modulator, this energy becomes small, and b’
the nonlinear interaction between adjacent pulses is reduced.
Therefore, the timing jitter is more strongly suppressed and
better transmission quality is obtained in our configuration.

VI. CONCLUSION [11]

We undertook a detailed numerical analysis of a 40-Gb/s sz]
transmission system over a transoceanic distance in a strongly

SMF using the modified synchronous modulation technique.
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