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Optical Regeneration at 40 Gb/s in
Dispersion-Managed Transmission Lines
With In-Line Synchronous Modulators

S. Waiyapot, S. K. Turitsyn, and V. K. Mezentsev

~ Abstract—Numerical optimization is performed of the 40-Gb/s  (IM) can significantly improve the system performance. How-
dispersion-managed (DM) soliton transmission system with in- ever, generalization of the IM technique for systems with strong
line synchronous intensity modulation. Stability of DM soliton dispersion management is not straightforward because of the
transmission results from a combined action of dispersion, nonlin- | Ise broadenina leading to bit | . d i
earity, in-line filtering, and modulation through effective periodic _arge puise broadening lea _|ng 0_ Its OV?r apping andresufling
bandwidth management of carrier pulses. Therefore, analysis of iNto pattern-dependent nonlinear interactions. Moreover, the ex-
the multiparametric problem is typically required. A two-stage ~cess gain required to compensate for the loss due to modulation
time-saving numerical optimization procedure is applied. At contributes to the additional buildup of noises in the zero time
the first step, the regions of the stable carrier propagation are  g|4t5 Therefore, for strong dispersion management, where the
determined using theoretical models available for DM solitons, domi td ’d ti Its f the intrach I’ i
and system parameters are optimized. At the second stage, full ominant degra a_lon resufts from - € |_n ra_c anne_ noniinear
numerical simulations are undertaken in order to verify the tol-  €ffects [8], [9], a simultaneous stabilization is required of the
erance of optimal transmission regimes. An approach developed timing and amplitude jitters of bit-carrier pulses (marks) and
demonstrates feasibility of error-free transmission over 20000 km  syppression of the growing ghost pulses and the background
in a transmission line composed of standard fiber and dispersion noise in zero time slots (spaces)
compensation fiber at 40 Gb/s. . s : . Lo

nd T b ) d (OM) it i In the DM line, the efficiency of conventional modulation is

naex erms: ISpersion-manage solitons, In-line . I . . . _
filtering and modulation, optical regeneration, unlimited trans- Slgmflcfant_ly decreased, compared with classical SO“ton _based
mission over SMF at 40 Gb/s. transmission system [15], [16]. In order to recover the efficiency
of the control, it has been proposed to use a periodic enhance-
ment of system nonlinearity by means of extra amplification at
regeneration sites to convert the DM pulse into classical soliton

ISPERSION-MANAGED (DM) optical data transmis-through the technique called “black box” optical regeneration
sion has become a mainstream in the development (&OR) [15], [16]. The benefit of DM soliton to fundamental

high-speed communication systems [1]. DM soliton systenssliton conversion is that the stabilization of a conventional
have significant advantages over classical soliton transmissiwiiton is more efficient compared to a DM soliton.
lines: enhanced energy, resulting in higher signal-to-noiserecently, it has been proposed to enhance nonlinearity in the
ratios (SNRs), reduced timing jitter, and strongly reducegBOR technique by the use of highly nonlinear fiber (HNF)
nonlinear mixing between wavelength-division-multiplexed; the modulator location [17]-[19]. Note that the HNF has al-

(WDM) signals [2]-[7]. Single-channel 40-Gb/s transmissiopyaqy heen extensively used for wavelength conversion [20],

over 10000 km has also been reported in a DM line composgq | "First numerical results demonstrating 40-Gb/s transmis-

of dispersion-shifted fiber (DSF) and dispersion compensatigp,, oyer 20000 km of SMF using modified modulation tech-

f|per (D.CF) [6]. However, n 40. Gb/s systems with stron%i ue have been reported in [17]-[19]. However, comprehen-

?és,\aﬁ;SI%anri?fr%etrg ezrgrc?s(ng)lI?rﬁsnsbri?ses(ijor?nisStI?r:ic::(rjd bf "Ue investigation of the stable regimes in multidimensional pa-
’ T yra[neter space is limited by the computational time required for

intrachannel nonlinear effects and corresponding intersym%osin le optimization run. New effective anproaches are then
interference (1SI) [8], [9]. gie op : PP

Although in-line synchronous modulation requires periodi@ig.th desirab!e for further system optimization. The combined
multiplexing/demultiplexing for WDM transmission, it will en- action of the filters, modulators, and the HNF can provide an

able optical regeneration with reduced cost and complexity.‘?ﬂfecwe management of the carrier pulse bandwidth. The non-

has been shown experimentally, that in a DM soliton SysteImearly enhanced modulation keeps the benefits of the conven-

with weak dispersion management, in-line intensity modulatic“‘?nal mpdula_tor in rec_iu_cing _the_timing _jitter and also _utilizes
the nonlinearity for efficient filtering. This makes possible the
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the advanced optimization procedure. Taking advantage of the true periodic solution of (1) is not always given accurately by
simple semitheoretical methods well developed for DM solitonde Gaussian approximation. However, this approach gives very
the system and input pulse parameters are optimized befogasonable simple approximation of the DM soliton evolution.
applying full numerical modeling. The linear stability analysidlore details on validation of the Gaussian approximation and
based on the variational approach [22], [23], [27] has be@more accurate analysis can be found in [23], [27]. The evolu-
successfully used to investigate DM soliton transmission [12ipn of the pulse parameters along the fiber line is then approxi-
[13], [24]-[26]. The advantage of the method is a capability tated by a set of coupled ordinary differential equations derived
predict both timing and energy fluctuations of the carrier pulgésing either a variational approach or the root-mean-square mo-
and the growth of the background noise in the zero time slofgentum method [to simplify the notation, we will ugk s, and

At first glance, this method might not look appropriate for th& instead ofD(z), s(z), andI'(z)], as follows:

40-Gb/s systems with strong overlapping of bits, since itis based dA

on consideration of the single-pulse propagation only. However, dz DAC (3a)
as is justified subsequently, the linear stability analysis is still dr
a surprisingly useful method, suitable for investigation of - =—2D7C (3b)
high-bit-rate systems.

In the present work, an optimization of transmission lines is ac _ sA? exp(—2Cz) — D +2DC?2 (3c)
performed, similar to that considered in [18], [19], applying the dz  2\/2r2 274
stability analysis at the first stage. This allows us to extend anal- dr
ysis well beyond the previously considered region of parame- 7~ =0 (3d)
ters. A two-step time-saving numerical optimization procedure de
is applied. At the first stage, the regions of stable carrier propa- — =—-Dk (3e)

gation are determined, and system parameters are optimized. At

the second stage, the full numerical simulations are applied"}’lkn1ere the dispersion parametbr has a positive or negative

order to verify tolerance of the optimal transmission regimes.s!gn in the fiber segments with anomalous and normal disper-

To demonstrate the advantages of the method and to pointE 7 respectlve_ly. Irznsﬁr_ functtl_onsboftr:heGﬂIter _andf motc_iu—
its limitations, a comparison was performed of the transmissi forare ?pproxma € 2”.] IS section by the Baussian functions
at 10 Gb/s and 40 Gb/s in the case of weak dispersion manaeg;;éz[_ﬂw Jandexp[—y:t7]in the frequency and time domain, re-

ment. Then, the limitations of using a conventional modulatQ ectively. The modulator function approximates one cycle of a

in a strong DM line at 40 Gb/s are analyzed. The superiority ségldzg::il;ld:]sce“ggrgi?(ta?;?g :;:fooliows? filter transforms the
s :

confirmed of the modified synchronous modulation over con-

ventional modulation technique for lines with strong dispersion out = Ain
management. Taking advantage of the time-saving numerical [(1+26/2)%+ 16/32Ci2n]1/4
approach, the regimes of stable transmission are identified and Br2 2
the optimal system characteristics are determined in the multi- X exp | ——5 = (4a)
dimensional parameter space. Finally, the results are verified by Tin +26(1 +47,C1)
direct numerical modeling. . (12 +28)? + 163%1 C2, 4b
o =2 L 2B(1 + AmCE) @)
II. THEORY Ao
The signal transmission down the fiber line can be modeled Cout = 7 f 2[3)2m+ 1;6/[327-_4 2 (4c)
by the modified nonlinear Schrodinger equation (NLSE) m mem
(written here in the normalized units) Ta Kin
Kout = —5 1 12 (4d)
_0q  D(z) 9*q 20— i 1 Tin + 26(1 + 47, C)
i+ 5p Ts(ld e = —i(2)q @) 467 Crurin .
where the variables, ¢, |¢|?, D(z), s(z), andI'(z) are the ot = &in o+ 20(1 4+ 473, CF) (te)
distance, retarded time, power, fiber dispersion, fiber nonlineahe modulator transfer function gives
coefficient, and fiber loss normalized Wrct/A2Dy, to, )
Py, Do, (4r2cnatgPo)/X* Aot Do, and 10A2Dy/ (et In 10), Aot = Ay exp {_ pél, 2] (52)
respectively. Here,, Dy, and P, are arbitrarily chosen ref- 1+ 2p7s
erences for the time, dispersion, and power, respectively. In 2
the present analysis, the carrier pulse is assumed to have the T2, = % (5b)
Gaussian profile characterized by six parameters, as follows: L 2w,
1 Cout = Ci (5C)
q= Aexp [— (ﬁ + iC) (t—&2 —in(t—&) +i0|. (2) M Cinr2, . 50
Rout = Rin — 75 5 Gin
Here, A(z), 7(z), C(z), k(z), £(z), andf(z) are the ampli- L+ 2um,
tude, width, chirp, frequency, temporal position, and phase of ot = &in (5€)

the pulse, respectively. It should be noted that the pulse shape of 1+ 2urd’
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The subscriptin andout correspond to the pulse parametersat ~ (A) M EDFA

the input and the output of modulator and filter, respectively. We O O . >
use an iterative shooting method to find fixed-point solutions of transmission fiber DCF DCF

(3)—(5) whose amplitude, width, chirp, frequency, and position (50 km) F
are completely recovered after one periodic section. Next, the

equations are linearized around the periodic solution. The evo- B) O O EDFA M .
lution of the perturbations of the pulse parameters in the fiber is . HNE
F

transmission fiber DCF
governed by (50 km)
dAA . : , .
= D(COAA + AOAC) (6a) Fig. 1. Scheme of the considered systems. (A) With conventional modulator.
dz (B) With modified modulator enhanced by HNF.
dA
T = —2D(CoAT + 1oAC) (6b)
dz in zero time slot (space). Negative values for any index mean
dAC sA2 [AA AT 2D stability, whereas positive values correspond to instability. The
= —— — — | exp(—2T2) + — Ar — ; )
dz V272 | Ao 0 8 larger negative indexes can then be interpreted as the larger sta
bility margin.
+4DCyAC (6¢c)
dak _ (6d) IIl. SYSTEM CONFIGURATION AND PARAMETERS
dz i . .
Two sample configurations of the transmission system con-
dAg — DAk, (6e) sidered in this paper are depicted in Fig. 1. System (A) or system
dz with conventional modulation composes of transmission fiber,

Here, the quantities with subscript O correspond to the period¥F, filter, intensity modulator and amplifier while system (B)
pulse parameters. We also linearize the transfer function of filfsystem with modified modulation composes of the same com-
and modulator in (4) and (5), assuming small perturbations penents as system (A) but has additional HNF fiber at the mod-
the pulse parameters, resulting in the equations given in the Apation site.
pendix. Note that the linear fluctuations of amplitude, width, The transmission fiber of 50 km length is either DSF
and chirp are decoupled from the perturbations of the frequenwith dispersiond = 1 ps/km/nm, dispersion slope
and temporal positions, as follows: d" = 0.06 ps/nm/km, lossa = 0.21 dB/km, and effec-
tive aread.qs = 55 um?, or SMF withd = 17 ps/km/nm,

Adnp Hy Hip His| [Ad, d” = 0.06 ps/nr/km, o = 0.21 dB/km, andd.¢ = 80 um?.
ATny1 | = | Hn Haa  Hog AT, (7a) The DCF used in simulations has = -80 ps/nm/km,
AC 41 Hs, Hsy Hss| | AC, d”’ = —0.2 ps/nm/km, « = 0.5 dB/km, andd.¢ = 26 um?.
The length of DCF is adjusted to provide residual dispersion
[A"“nﬂ} _ [Kll Kl?} [A’in} (7b) &round zero. As nonlinear fiber, we considered the HNF with
At Ko Koo) LAE, | d = 1.8 ps/nm/kmgd” = 0.03 ps/nmi/km, o = 0.5 dB/km,

In order to perform a stability analysis, the eigenvalues of tii(?d nonlinear coefficient,/Aqx = 2 x 10°° W . The er-
transfer matrixd and K in (7) are to be determined. Note thaﬁ um-doped fiber amplifier (EDFA) with a noise figure of 6 dB

7 andk luti fihell turbati Th s installed after the DCF for both systems. The synchronous
f-andk govern evolution otne linear perturbations. the ma)?ﬁtensity modulator is inserted every fourth map period inside
imum absolute value of the three eigenvaluggi = 1 — 3)

£ th trix I determine the stabilit ties. A tit the segment DCF in scheme A and at the end of the segment
ot the matrix etermine the stability properties. A quantiyn -~ i 'scheme B. The modulation depth is 0.1. The gain of the
P = [max(|A1], |X2], |A3]) — 1] is called a stability index here-

amplifier at fourth map period in system B also compensates

after. It is considered as a stability indicator showing eithertiilgr the loss introduced by the HNE and boosts up the energy
increment of instability or the decrement of the decay of t r the conversion of the DM pulse to soliton pulse. The in-line

pulse energy perturbations in the stable case. Obviously, "mﬁﬂrer with bandwidth of 3.0 nm (at 10 Gb/s) and 1.5 nm (at

be rturbano_ns_decrease}ms negat|ye and mcreaseﬁ_f IS pos- A%O Gb/s) are installed after the amplifier for both systems.
itive. In a similar manner, we can introduce a stability index o

the pulse timing position given by the eigenvalues of the matrix

K. Stability of spaces can be determined by the similar anal-lv' RESULTS OFNUMERICAL MODELING AND DISCUSSION

ysis of the background evolution. Following [24], we neglect We first apply stability analysis to the DM line with a
the fiber nonlinearity and find the solution of the lowest ordaveak map strength operating at 10 Gb/s and 40 Gb/s in order
linear mode in one periodic section. The growth of linear mode validate the accuracy of the stability analysis for different
can be defined a8 = A, /Ain, WhereA;, and A, corre- transmission regimes. Here, the DSF is used as a transmission
spond to the amplitude of linear mode at beginning and endfifer; the average dispersion is 0.05 ps/nm/km, and the pulse
one periodic section, respectively. In this paper, weysel energy is 0.15 pJ. Fig. 2 presents the stability analysis results.
to determine the stability index for space. Thus, in our analysiStability indexes of (a) energy, (b) timing, and (c) space are
we consider the stability of the energy and timing position agfhown versus the modulator location in DCF. Solid and dotted
the bit-carrier pulse (mark) and the stability of the backgrourithes correspond to 10 Gb/s and 40 Gb/s, respectively.
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position of modulator in DCF after some transmission distances for different locations of the modulator
within DCF.

Fig. 2. Stability index of (a) energy, (b) timing position, and (c) space versus
the modulator location in DCF for system based on DSF/DCF. Solid and dotted

lines correspond to 10 Gh/s and 40 Gb/s, respectively. The pulse energyisise seeds. The amplified spontaneous-emission noise spec-
0.15 pJ. . . . .

trum is white over the considered spectral interval. The prob-

ability density function for the noise is assumed to be Gaussian

Results presented in Fig. 2 can be understood in the fdistribution.
lowing way. The effect of the modulator is stronger when In the case of the 10-Gb/s transmission [Fig. 3(a)], the
the pulsewidth at the modulator location is larger (as it igsults of the numerical modeling of NLSE, in general, are
for 40 Gbh/s), thus leading to stronger stabilization in pulse eir agreement with the results of the linear stability analysis
ergy and timing. The chirp at the modulator can also affect tpgesented in Fig. 2. Eye diagrams show that the buildup of
stability of pulse timing. Improper chirp at the modulator canoise and timing shift leads to the signal degradation. Note
make positive feedback, leading to the rise of the time shift ¢dat even if some points of IM location are formally stable, the
the pulse [12], [13]. Note that the stability analysis presentdiiear stability with small negative indexes cannot guarantee
in Fig. 2 is based on the single-carrier propagation; therefostable transmission over unlimited distances. Fig. 3(b) shows
comparison of the results for different bit rates is not straighthe evolution of the)-factor with distance in a 40-Gb/s system
forward here. obtained by direct numerical modeling. Eye-diagrams indicate
It is well known that in 40-Gb/s systems, the nonlinear irthat, in the case of position A, timing jitter causes the main

teraction of the overlapping pulses can substantially degrag®blems. It is also seen that in the case of position B, the
the system performance. We also use a stronger modulator Aoddup of the background noise in the zero time slots is
filter in 40-Gb/s systems, and this results in better stability corthe main limiting factor. Because the linear stability analysis
pared with the 10-Gb/s case. However, a stronger filter makesglects the effects of pulse interaction, the predictions may
it easy to build up background noise in the zero time slots. Pmst be correct when the interaction is the main limiting factor.
dictions of the linear stability analysis have been verified in tHeor instance, in the case of position A, the system is degraded
direct numerical simulations, as shown in Fig. 3. Fig. 3 depicty frequency shift from the nonlinear interaction, but not by
Q-factor evolution along the line for different locations of thehe growing background in space. Therefore, there are evident
IM within the DCF. TheQ-factors in this figure and throughoutlimitations on the application of the stability analysis in the
the paper are obtained by the average of a set of simulations witise of strong ISI. However, for DSF/DCF based lines at
a 128 pseudorandom bit sequences (PRBSs) and three diffedghiGb/s, as it is shown in Figs. 4 and 5, predictions of the
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Stablllty anaIySIS (Fl_g. 4) are ".1 Very. QOOd ag_ree_ment WltHg.e. Stability index of (a) energy, (b) timing, and (c) space versus dispersion
the results of the direct modeling (Fig. 5). This is becauggthe transmission fiber for the line with (solid line) and without (dotted line)
the map strength in such systems is not too large, even fifF. The pulse energy is 0.11 pJ for both cases.

a 40-Gb/s bit rate.

Next, we consider the 40-Gb/s transmission with strong,siem. Direct simulations of the pattern propagation (Fig. 7)
dispersion management. Note that for strong dispersion Majiso demonstrate significant suppression of the ghost pulses in
agement, it is not always possible to find DM soliton with ghe zero time slots and stabilization of ones by means of the
small enough width. The pulse broadening inherent for stropgyg.
management, combined with the modulator action, causes thehese results indicate that stable transmission at 40 Gb/s in
energy leakage into other slots. SMF/DCF systems is feasible with an appropriate use of the

We vary the dispersion of transmission fiber, denoted by DRENF. The stability analysis can help to find optimal transmis-
in the range of 0.5-20 ps/nm/km. The other transmission fib&ion regimes. From here throughout the paper, we focus on the
parameters are based on the DSF model. We consider the trangsmission system B based on the SMF with the modified
mission system A with average dispersion of 0.05 ps/nm/kfodulator enhanced by the HNF. The length of the HNF is typ-
and system B with a span average dispersion of 0 ps/nm/kigally around 10 km.

The span average dispersion value for system B is exclusivat has already been observed in [18] that the modulator loca-
of the HNF. In systems using strong dispersion managementish before the HNF is advantageous because, in this case, pulse
40 Gb/s stable transmission can hardly be achieved in the cedits are suppressed by the modulator before entering the HNF.
ventional schemes with filtering and in-line modulation, as This leads to corresponding suppression of the pulse-to-pulse
can be seen from Fig. 6. As a matter of fact, this is an exampeeraction. Figs. 8 (stability analysis) and 9 (direct single sim-
when nonlinearity plays a positive role and is required to stahilations of the eye diagrams) confirm this result and show that
lize transmission. the main advantage in using IM before HNF is an improvement

Increase of the effective nonlinearity can be achieved eithafrthe pulse timing position stability.
by using the extra EDFA at the IM location or by utilization It is important that, applying linear stability analysis, we can
of the HNF. Insertion of the HNF helps both to compress theasily optimize two and more parameters simultaneously, which
carrier pulse and to enhance efficiency of the filtering. Fig. 8 rather difficult using full numerical modeling. Figs. 10-12
clearly shows a substantial improvement of the stability indexekow a summary of the stability analysis in the plane of two
with introduction of the HNF in a strong dispersion managemeparameters: “DF (transmission fiber dispersion), span average
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in Fig. 11; and “pulse energy, length of HNF” in Fig. 12. Recall

that in the stability region, all three indexes are negative. Nate. 8. Stability index of (a) energy, (b) timing, and (c) space versus pulse
again that the span average dispersion is excluding of the HN _rgﬁ/’\;r; ”C‘ie system W'TtL‘ modulator befog? HNF (solid line) and modulator
Fig. 10 shows that, with the HNF, stability can be achieved 6 (dotted line). The span average dispersion s zero.

high enough dispersion of the transmission fiber if the overall

; me . X . . = 20000 ki =
average dispersion (inclusive of the HNF) is kept in a certain (@) X Mo du,amrm (b) z Mzgggt';‘:’
range. In the simulations presented in Fig. 11 a stable regime has3 N\ before HNF after HNF

@

been achieved by changing the length of the DCF (or changing >
span average dispersion) and the soliton energy. We found that'g
the largest negative value of the energy stability index is at the &
zero average dispersion and for the energy of about 0.11 pJ. Per- y / \
formed optimization demonstrates that under certain conditions, 0 ime (ps) 25 0 time (ps) Y
the stabilization effect can surpass the signal degradation.

Fig. 12 shows the stability region in the plane of “pulse erFig. 9. Eye diagrams of a 128 PRBS in the system with modulator (a) before
ergy, length of HNF.” We also use here for comparison anoth@}d (b) after HNF. The pulse energy is 0.11 pJ.
set of HNF parameters—HNF2, which is commercially used in
wavelength conversion [21] to verify how results are sensitive gosystem with HNF2 slightly higher than a system with the HNF
a particular realization of HNF. HNF2 hals= 0.2 ps/nm/km, because of the smaller local dispersion in HNF2.
d"” = 0.03 ps/nri/lkm, o = 0.5 dB/km, and higher nonlinear The applied approach allows us to identify regions of stability
coefficientns /Acg = 4.16 x 10~ WL, It can be seen that the within reasonably short computational time which is important
lower energy is required when the length of HNF is increasing tor massive optimization involving more than two parameters to
equivalent when the fiber is more nonlinear. This again meabs optimized. Note that, in agreement with [18] and [19] (where
that stabilization of the transmission is possible only whentene-consuming direct modeling has been applied), our method
certain overall nonlinearity is incorporated into the system. Thl#hows that the regeneration can be expected around the point
span average dispersion for a system with the HNF and HNBRzero span average dispersion. As the span average dispersion
are zero and 0.08 ps/nm/km, respectively. It is important thég¢viates from the zero value, a power margin decreases. This
the overall average dispersion (inclusive of HNF) should haweeans, in particular, that using direct numerical optimization,
an adequately small amount of anomalous dispersion to suppmre should choose a relatively small step in signal power to reg-
soliton propagation. Thus, we set the span average dispersiorstdr such stable transmission regimes. To validate the results
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(b) energy for SMF/DCF system with HNF. Here, the length of HNF is 10 km. (a)
3 o016 } Energy is 0.11 pJ. (b) Span average dispersion is zero.
B
2 O 1 average dispersion for systems with HNF and HNF2 are about
8 o008 1 0.071 and 0.083 ps/nm/km, respectively. It is seen from Fig. 13
a [stable] that the results of direct modeling are in a good agreement with
0.04 | . the stability analysis.

4 5 12 16 20 Stabilization of the&)-factor clearly indicates regeneration of
the optical signal in accordance with the stability analysis pre-
dictions. Note that there is no big difference in transmission be-
Fig. 12. Stability region in the plane “pulse energy, HNF length” fotween using both types of HNF. Fig. 14 shows the results of
SMF/DCF transmission system exploiting (a) HNF and (b) commercial HNF@y oot numerical simulations of the tolerance against variations
The span average dispersion for systems with HNF and HNF2 are zero ar}d . . .

0.08 ps/nm/km, respectively. of the input pulse energy and the average dispersion for the pre-

viously described regeneration regime. The error-free distance

of the stability analysis, next we applied direct numerical modf the distance in which th@-factor is more than 7. This figure
eling around the found optimal regions of parameters. Fig. {aicates that the input signal with the energy below a certain
presents)-factor evolution for different studied systems: witfhreshold is not regenerated because the carrier energy is not
SMF/DCF with and without HNF. The pulse energy is 0.11 pfrge enough for the conversion into fundamental soliton.

The length of HNF and HNF2 are 10 and 6 km, respectively. The
average dispersion for a system without HNF is 0.05 ps/nm/km.
The span average dispersion for systems with HNF and HNF2We have presented an efficient and time-saving optimization
are zero and 0.08 ps/nm/km, respectively. This makes the ovetalihnique capable of predicting optical regeneration regimes

length of HNF (km)

V. CONCLUSION
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in 40-Gb/s systems. We applied a two-stage procedure The modulator transfer function (5a)—(5e) is also linearized in
determine optimal transmission regime. At the first step, werms of the small fluctuations in the pulse parameters as

described regions of stable carrier propagation, using stability
analysis available for DM solitons. On the second stage, we
applied direct numerical modeling and investigated tolerance
of optimal transmission regimes. We considered systems with
conventional and modified modulation enhanced by HNF.
In the case of strong dispersion management, the modified
modulator demonstrates superior properties compared with
the conventional modulation technique. We also discussed the
limitations of the stability analysis in the systems with strong
nonlinear interaction. However, as it is shown here, linear
analysis is still a surprisingly useful method to investigate such
systems. We would like to point out that the applied simple

A140ut = A14in (A4a)
ATy
Afguy = ——Tm A4b
o = T 2pr? 7 (A40)
ACvout = ACvin (A4C)
4/L0in_07'i2n 0
Aot = Aty — —— 00 ng (Add)
1+ 2/1,7'in70
A in
Aéous = S (Ade)

1+ 2,[”'5170.

numerical approach is especially efficient for multiparametrithe subscriptn, 0 indicates that the quantity is that of the sta-
optimization. The developed approach allows us to demofipnary solution at the entrance of filter and modulator.

strate feasibility of error-free transmission over 20 000 km of
SMF/DCF at 40 Gb/s.

APPENDIX [1]

The filter transfer function (4a)—(4e) are linearized in terms [2]
of the small fluctuations in the pulse parameters as

AAgut =h11AAyL + h1oATy, + h13ACH, (Ala) (3]
ATouy =ho1AAin + hooATiy + hos ACH, (Alb)
ACout = hs1 Ay + hasATiy + hgsACi,  (Ale) 4
AK"out = kllAKlin + klZAgin (Ald) [5]
Aéout = k21 ARin + k2 A&iy. (Ale)
The coefficients appearing in (Ala)—(Ale) are given as 6]
hiy =F7Y* (A2a)
hiz =20F */* A 028+ 72 0) /T o (A2b) 7
hiz = _8/82F1_5/4Ain,00in,0 (A2c)
hat =0 (A2d)
[8]
hay = Forin o/ (F2/°F}/?) (A2e)
hog = =8B(28 + 2, )7, oCin o/ (K32 FY%)  (A2) 19
hz1 =0 (A2g) [10]
hs2 =8B3(28 + 114 0)Tin. 0Cin, 0/ F5 (A2h)
has = Fard, o/ F2 A2y MY
. [12]
ki =713 o/ Fs (A2))
k12 =0 (A2k) [13]
k21 = —4,[3’7'&1_ OCin, O/Fg (AZ')
i [14]
koo =1 (A2m)
whereF; (i = 1 — 4) are
Py =(1+28/70)% +168°C2, (A3a) [
Fy =20+ 74 ) — 16627, oCh o (A3b)
16
F3 = ii,o +28(1+ 4T§1,00i2n,0) (A3c) e}
Fy =28+ Tii,o)z + 1652T§1,0012n, 0 (A3d)
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