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Convergence of the Chirped Return-to-Zero and
Dispersion Managed Soliton Modulation Formats in
WDM Systems

R.-M. Mu and C. R. MenyukFellow, IEEE, Fellow, OSA

Abstract—\We investigated chirped return-to-zero (CRZ) return-to-zero (RZ) system, models a transoceanic link. These
and dispersion-managed soliton (DMS) formats that have been experimental systems have been described in recent Optical
employed in experimental demonsration systems at Tyco [1], [2], Fjher Communication Conference postdeadline sessions [1],

CNET [3]-[5], and KDD [6]-[8]. We find that the DMS format and . .
the CRZ pulse format used in these systems have been converging.[z]’ [4]-{6], articles in EECTRONICSLETTERS[3], [7], and an

By careful study of noise effects, single-channel nonlinear effects, article ?n the IEEE QURNAL OF QUANTUM ELECTROMCS (8l
and multichannel nonlinear effects, we provide evidence that these Thus, in some sense, they represent the experimental state-

systems all operate in a quasi-linear region. In this regime, the of-the-art, at the time they were presented, for laboratory

pulse shape evolution is dominated by linear dispersion and the 4o manstrations of high-data-rate WDM systems based on both
spread in the eye diagrams is dominated by signal-spontaneous _ . .
soliton and nonsoliton formats.

beat noise, much as would be the case in a linear system. However; - ) ) )
it is necessary to carefully manage the nonlinearity in these It is our contention that the nonsoliton and soliton formats

systems to minimize timing jitter due to interpulse interactions have effectively converged. The result is a new format that
in a single channel, as well as interchannel interactions. Thus, some call CRZ, some call DMS, and others simply call RZ. We
nonlinearity plays an important role in system design. reached this conclusion by developing simulation models that
Index Terms—Amplified spontaneous emission (ASE) noise, resemble the Tyco-CRZ, CNET-DMS, and KDD-RZ systems,
chirped return-to-zero (CRZ), dispersion managed soliton (DMS), - 5q by comparing the pulse evolution and characteristics in
nonlinearity, quasi-linear, slope compensation, symmetric, wave- th t In all th t beqi ith raised-co-
length division multiplexing (WDM). lese systems. In all three systems, one begins with raised-co
sine pulses that are produced by a LiNja®odulator. One then
chirps the input pulse. In the Tyco-CRZ and KDD-RZ systems,
. INTRODUCTION this chirp is imposed by a LiNbQphase modulator. In the

HERE has been a long debate in the optical commurffNET-DMS system, this chirp is imposed by a 3.5-km length
T cations community as to whether a soliton modulatiopf dispersion-compensating fiber (DCF) via the Kerr effect.
format or a nonsoliton modulation format such as nonreturn-th€ pulses then evolve along the transmission line. All three
zero (NRZ) is preferable for high-data-rate wavelength divisictyStéms use dispersion maps in which the pulses stretch and
multiplexed (WDM) communications. Over the last decade, §§|r|n_k substantially in one pe_nod. In addition t(_) that, however,
individual channel data rates and the number of WDM channd¥¢ find that the pulse duration at the end point of each map
have continued to grow, both formats have evolved substdifriod changed substantially along the fiber at most wave-
tially. Solitons have evolved into dispersion managed solito}@9ths. At the end of the transmission, the pulse duration is
(DMS) and NRZ has evolved into chirped return-to-zergubstantially smaller in all three systems than at the beginning.
(CRZ). There are a number of successful laboratory testbb@€ relationship between the initial pulse duration, the final
WDM systems that have been experimentally demonstrat@ylse duration, the initial chirp, and the average dispersion
Among them is the system of Bergama al. at Tyco [1], in the transmission line is almost exactly predicted by linear
[2], referred by the authors as a CRZ system, that modeldhgory. The Kerr nonlinearity only plays a small role in the
transoceanic link. Also among them is the system of Faves. pulse evolutions at the powers at which pulses are transmitted
[3] and Le Gueret al.[4], [5] at CNET, referred by the authorsin these threg systgm;. This behavior contrasts stron.gly with
as a DMS system, that models a terrestrial link. In additiof}® behavior in periodically stationary DMS systems like the

the system of Tagat al. [6]-[8] at KDD, referred to as a ON€s studied by Suzulgt al. [9] and by Jacolet al. [10] in
which the pulse returns to the same shape after every period

_ _ _ . in the dispersion map. Observation of the eye diagrams in all
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contrary, nonlinearity plays a crucial role in all three systems$0)—1¢ cnm?/W is the Kerr coefficientiwy is the central fre-

which are all designed to mitigate its effects. As one examplgency, A, is the effective area, andis the speed of light.

we may consider the Tyco-CRZ system. The dispersion in eathe quantityl. ;, is the characteristic dispersion length; it equals

of these channels is individually compensated. If nonlinearittj? /| 34| wherely is a characteristic time scale afgl is a char-

were unimportant, then it would not matter whether this conacteristic dispersion. The distances normalizedas = Z/Lp

pensation occurred at the beginning of the transmission, the avitere is the physical distance. The retarded tingnormal-

of transmission, or both. In fact, this system suffers the ledged ast = (T' — 5,2) /T, whereT is the physical time and]

impairment when the compensation is split almost exactly bis-the inverse group velocity. Other quantities are normalized as

tween the beginning and the end of the transmission [11], [12)z) = —/3"(2)/|35] andd = —3{'To/|55 |, wheresy’ is the

We recently showed that nonlinear interpulse intrachannel inténird-order dispersion.

actions can lead to substantial timing jitter, much like in stan- The average dispersion over a single map period is de-

dard soliton systems, unless the compensation is split betwdieed as D = (DiL; + D2Ly)/(L; + Ly) and 3’ =

the beginning and the end [13]. Although itis true, as stated e§8/ L, + 35 L2)/(L1 + L) whereD; or /3{ is the dispersion

lier, that spontaneous-signal beat noise dominates the spreadfofiber segment 1 with the length ok, and Dy or 34

the eye diagrams, it is also true that unless the nonlinearitycdsrresponds to the dispersion of fiber segment 2 with a length

carefully mitigated, there is a large contribution from nonlineasf L. The distinction between thé; and 3 is that the

timing jitter. former are measured in units of ps/nm-km and are negative
In presenting our comparison, we note that the parametéss normal dispersion, whereas the latter are measured in

of our numerical models differ from the experiments in severpk’/km and are positive for normal dispersion. The residual

ways. For example, the experimental Tyco-CRZ system usagerage dispersion over the transmission distdngés given

orthogonal channel polarizations, a narrower channel spacibg,sD = 0’” D(z)dz/Lr and 63" = 0’” 3" (z)dz/ L.
and large-core fiber in their dispersion maps. The experimentdius, we can define the effective dispersion length as
CNET-DMS system interleaves pulses in orthogonal polarizé-, .¢ = 772;, |/3”|, where 1,,;, is the minimum pulse

tions and achieves a data rate of 20 Gb/s by doing so. Detallsration at the end of the transmission line. We also define the
of the fiber, transmitter, amplifier, and receiver design are geeffective nonlinear scale length dsy, er = 1/(vF) with
erally proprietary and, thus, unknown to us, and cannot be ifire path average pulse peak intensity= fo"T Py(z)dz/Lr,
cluded in our models. These parameter choices do not aff@giereas the variabl&,(z) corresponds to the-varying peak

our principal conclusion, which is that all three systems that wywer of the pulse along the transmission line. We characterize
are modeling are quasi-linear. We have verified this point Byl three model systems using the dimentionless quantities
changing the data rate per channel from 5 to 10 Gb/s, varyiRg, = Ly/Lxy, e andyp = Ly /Lp .qa [18], which allow

the channel spacing, changing the order and the bandwidthugfto compare the transmission length to the nonlinear scale
the Bessel filter in our receiver model, and using fibers witfength and dispersion scale length. These normalized quantities
Aeg = 75 pm in studies of the Tyco-CRZ system [14]-{16]are comparable for all model systems, even though is

At the same time, these parameter choices profoundly affegtich shorter in the CNET-DMS system than in either the
the performance of the systems and, in particular, how far itT§co-CRZ or the KDD-RZ system, because the former system
possible to successfully propagate and detect signals. Thus,ifi®iels terrestrial systems, whereas the latter system models
model systems that we present in this paper should not be ugegsoceanic systems.

to compare the relative performance of the experimental sys-The variable:(z) = a(z)/2Lp wherea(z) is the power gain

tems upon which our models are based. or loss. The autocorrelation function for the Langevin term in
In Section Il, we present the numerical model that we use {®) may be written as

compare our three model systems. In Section Ill, we outline the

system configurations. In Section IV, we describe the evolution.. fer 1o\ nohwiLp

of a single typical channel. It is typical in the sense that th Pz ) (<t )> = 20(2)G() AogToc

average dispersion in a single period of the dispersion map is Sz=2N6—1) (2
not unusually close to zero, as would be required for the system

to be periodically stationary. In Section V, we present full WDMyhere# is the Planck’s constant artti~) equals the sponta-

studies. Finally, Section VI contains the conclusion. neous emission factatg, at the amplifiers and is zero else-
where. The quantity?(z) is the amplifier gain. In our models
II. NUMERICAL MODELS of the Tyco-CRZ and CNET-DMS systems, we use linear gain;

Our numerical system models are based on a variant of ttﬁ%wever, in our model of the KDD-RZ system, we must include

nonlinear Schrédinger equation that we may write in the forme gain saturation model in order to accurately calculate the
[17] pulse evolution and the amplified spontaneous emission (ASE)

noise contribution. The reason for this distinction is that the
ag 1 g i Pq . . KDD-RZ system includes inline spectral filtering of the indi-
‘9, + 5"3(2)@ + gd% +al” g = ia(z)g+ F'(2,t). (1) vidual channels, so that it is not possible to determine the exact

gain necessary to compensate for the fiber éogsori. By con-
Here, the pulse envelopgis normalized ag = E(nswolp/ trast, in the Tyco-CRZ and CNET-DMS systems, there is no
Aeric)'/? whereE is the electric field envelopey, = 2.6 x inline filtering and we set the amplifier gain to exactly compen-
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sate for the fiber loss. The gain saturation model was described Channel ~ Pre—chirp  Post-compensation
in detail previously [17]. We solve (1) using a standard split-step % ~~ & compensation %
approach. : Ampf,.., _______ :
The evaluation of the system performance will focus on de- n-l V4 n;l
termining the timing jitter and amplitude jitter. We will include n—=84: b n
ASE noise using the Monte Carlo method [17]. To calculate the g 01
timing jitter, we first define the central pulse time positign .g" HD\—
[19] as L2 L, L/
1 ) ) (a)
t = U _oot ()"t 3) Chalnnel 'I;re—chirp Post—compensation
/ 1
wherel = [ lg(t)[ dt is the pulse energy. We next define 2 Am?_f VVVVVVVVVV 2
the timing jitter as '
n-1 = n-1
1/2 e D "
ot =[(2) - 1, . ¢ - I N Y
FE=——0
The simulations include a square-law detector and an elec- Ly L2
trical fifth-order Bessel low-pass filter to model the receiver. For (b)
all of the cases discussed in this paper, the 3-dB bandwidth of Channel
this electrical filter is 8 GHz. The amplitude jitter is evaluated 1 —— Pre—chirp 1
using a@ factor that is calculated from the electrical current at 2 Amp. 2
the receiver, with = (p1 — po)/(o1 + o1) where, as usual, AU P O :
the variables:; and p are the means of the marks and the ”;1 % S Dy '§ ”;1
spaces, and; andoy are the standard deviations of the marks <7 S 0 _
and spaces. We set the following two conditions as the criteria AlF—————p, D
for an acceptable system performance?Ll} 6 corresponding 72 (ch) b2

to a bit error ratio (BER) induced by the amplitude jitter less
9. = 1 1
than 1(7_ ,_and__2)6t <5.8ps corres_,pondmg to_a BE_R Inducec‘=ig. 1. Schematic configuration of the three WDM model transmission
by the timing jitter less than 1d with a detection window of systems. (a) Tyco-CRZ system. (b) CNET-DMS system. (c) KDD-RZ system.
50 ps.
simulation of CNET system, we launched the initial pulse shape
[1l. SCHEMATIC CONFIGURATIONS OF THETYCO-CRZ, described by (5) and we also g8tequal to 1 so that the initial
CNET-DMS, AND KDD-RZ SYSTEMS pulse has a narrower FWHM pulse duration, which we verified

Based on the experimental reports [1]-[8], [20] as well 4§ the optimal launching condition. We used a piece of DCF in-
optimization in our own simulations, we developed simulatiopt€ad of & phase modulator to chirp the initial signal. The cor-
models that are intended to model as closely as feasible the tHiggPonding input chirg' is determined by solving (1) in the
systems that we are comparing. prechirping DCF and then computing the negative of the second

In our models of the Tyco-CRZ and KDD-RZ systems, wéerivative of the phase at the center of the bit window.
used initial pulses with a raised-cosine shape driven by a sinuVVe show a schematic illustration of each of our three model
soidal voltage and a cosinusoidal pulse modulation, describ®tem in Fig. 1.

by the expressions
A. Tyco-CRZ Model

_ ] . As shown in Fig. 1(a), the dispersion map that we used to
a _\/ 2 {1 4 cos [Br sin(€2#)]} ©) model the Tyco-CRZ system has one segment of lelAgth-
¢ =Am cos(Qt) (6) 160 km with D; = —2.125 ps/nm-km and a second segment of

length Ly = 20 km with D, = 17 ps/nm-km at 1550 nm, cor-
where, in (5), the variable, is the initial pulse intensity and responding to the point at which the average dispersion over the
the variableB is the modulation index of the voltage driver thatnap period is zero. The amplifier spacing is 45 km and the total
can be adjusted such that one can change the initial full-widthgabpagation distance is 5040 km. For both types of fibers, we
half-maximum (FWHM) duration. In the Tyco-CRZ system, wassume a dispersion slop®/d\ = 0.075 ps/nnt-km, as well
setB equal to 1.0, corresponding to an initial input pulse witlas an effective ared.; = 50 um?. The fiber loss is 0.21 dB/km
an FWHM duration of 32 ps, whereas in the KDD-RZ systenand the spontaneous emission facterjs = 2.0. These param-
we choseB = 0.7, corresponding to an initial input pulse witheters correspond to the experiments of Berganal. [1], [2],
an FWHM duration of 50 ps. In (6), the quantityis the phase except that the dispersion map period is smaller and we used no
modulation depth$2 is the bit rate of the signal (10 Gb/s), andarge effective area fiber. We chose a smaller period so that the
t is the time measured from the center of the bit window. Thaispersion management strength paramegtgy, corresponds to
corresponding input chirg is given byC = 7w AQ2. In the the value at which simulation studies showed the largest margin
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[21]. We chose a phase modulation depth= —0.6 for the C. KDD-RZ Model
initial chirp and an average power of 0.3 mW per channel at 5ur model of the KDD-RZ system, shown in Fig. 1(c), con-

the input, assuming an equal number of marks and spaces. &¢ 5 1033-km-long dispersion shifted fiber (DSF) segment
found that this choice of average power is nearly optimal u%ith Dy = —1.694 psinm-km at 1550 nm. Before and after the
We computed the average power by dividing the total OptiCEBlSFfiber segment, there is a segment of SMF with ledgtf2
power over the entire computation time window. We COMPeRs 50 km and a dispersio®, of 17.5 ps/nm-km at 1550 nm.
_sate for th_e disper_sion symmetrically, which, as noted ear"j?—fence, the path average dispersion is zero at 1550 nm. The av-
is the optimal choice [13]. The path average pulse peak igz;qe gispersion slope is 0.07 ps/nm-km in both the SMF and
tensity P, equals 0_214 mW in this model system where= pgr segments. There are 20 amplifiers in the DSF segment
2,11 x 1073 m~tw . Hence, the _effectwe nonlinear Iengthequa"y spaced 51.65 km apart with, = 1.2. We also placed
Lxi,en = 1/(v[%) in this system is about 1960 km so thalqy ifiers immediately after the segments of SMF that come be-
INL = 26 The minimum pulse dura_t|0n atthe end of the rangg o ang after the DSF segment. Our arrangement differs some-
MISSIon 1S 21, ps in a channel that IS offsed.8 nm from the \\nat from the original KDD arrangement, in which the second
zero dispersion wavelength. For this channel, we filfd = SMF was put in the middle of the DSF span [6], [7]. We ob-
: 4 X , SMI¥erved that we can achieve larger tolerance of the input pulse
sion that is typical of most channels. We then find that dispetsgitions, less oscillation of the pulse duration along the prop-
sion lengthL p, g = 960 km, so thatyp = 5.3. agation, and a slightly larger dispersion compensation tolerance
by choosing our arrangement. In order to achieve an error-free
B. CNET-DMS Model WDM transmission over 9064 km, we used fibers with a large
- effective aread.g = 75 pm? in both segments of the map. In
In our model of the CNET-DMS system, shown in Fig. 1(b)an earlier study, we demonstrated that a fiber with a large ef-

the map period is 120-km long and consists of a 10ng SPgllive area can significantly improve the eye degradation due
of standard single-mode fiber (SMF) with a dispersion of =, the nonlinear interactions [16]. The fiber loss is 0.21 dB/km.

16.4 ps/nm-km at 1550 nm and a lengthof 102 km, followed - ag i the Tyco-CRZ system shown in Fig. 1(a), there are indi-
by a shorter span of DCF with a dispersibp of —95 ps/nm-km yjigyal phase modulators at the beginning of the transmission to
at 1550 nm and a length, of 17.3 km. The dispersion slopeprechirp the signal at each channel. Moreover, we also include a
of the SMF is 0.075 ps/nfakm, whereas the dispersion slopgjispersion slope compensator (DSC) in each loop period, as was
of the DCF is—0.2 ps/nni-km, which balances the dispersiorgone in the experimental demonstrations [6], [7]. A twenty-third
and the dispersion slope of the SMF simultaneously. e amplifier was employed after the DSC module to compensate
of the SMF is 50um? and the fiber loss is 0.2 dB/km, whereagor the loss due to the DSC. Inside the DSC module, there are
Aes = 20 pm? with a fiber loss of 0.6 dB/km in the DCF seg-a pair of flat-top array waveguide gratings acting as a multi-
ments. The average dispersibhis about 0.25 ps/nm-km with plexer (MUX) and demultiplexer (DEMUX) pair with a 3-dB
an average dispersion slope of 0.035 pSikm. In each period bandwidth of 0.5 nm, as well as a 1-dB bandwidth of 0.3 nm.
of the map, there is one amplifier following the SMF span anthe DEMUX separates channels before the individual disper-
another one following the DCF span with,, = 2.0 in botham- sion compensation and the MUX combines channels after the
plifiers. The gain of the first amplifief; = 15.42dB, whilethe dispersion compensation. In the simulation, we include the ef-
gain of the second amplifig&, = 16.38 dB, yielding the min- fect of the array waveguide gratings by introducing a lumped
imum ASE noise accumulation during this dual-stage amplificélter. The filter function is
tion. The total transmission distance is 1431.6 km. Because the
dispersion slope is reduced by using DCF with a negative dis- [ 1 2w 4]

. : . H(w)=+/Hpexp |- — @)
persion slope, the signals carried by all the wavelengths could 21n2 <w,;>
be prechirped by propagation through a single 3.5-km-long sec-
tion of DCF (pre-DCF) with the dispersion ef100 ps/nm-km
at 1550 nm and the dispersion slope-e8.2 ps/nni-km. The

where the coefficientd, corresponds to the insertion loss

fiber | i< 0.5 dB/k i 110 20urm?. Th idual andwp corresponds to the 3-dB bandwidth. The loss of each
IDErioss IS U. m Wity equal to 2Qum®. The residua array waveguide grating is 5 dB. Each individual channel

dispersion over the entire transmission line was adjusted b A a 5-km-long independent dispersion compensation fiber
piece of SMF fiber at the end of the transmission (post-SMF)¢ ¢5110wed by an erbium-doped fiber amplifier (EDFA) to
whose length was chosen to maximize the pulse compressioggihnensate for the loss of this dispersion compensation fiber
the end, leading to a residual dispersitit of approximately and a 2-nm optical Gaussian filter to eliminate the ASE noise
0.034 ps/nm-km at the 1550 nm. This CNET-DMS model rggccumulation. The dispersion of the compensating fiber inside
sembles the experimental system of Le Gaeal.[5]. The typ-  the DSC can be calculated individually according to the initial
ical average power in a WDM channel at the beginning of thghirp. For a WDM channel that is offset by2.0 nm from
transmission line is 1.2 mW. Just as in the Tyco-CRZ model, wiee zero dispersion wavelength, we chose a residual average
numerically calculated the effective nonlinear lengtty .a = dispersionéD = —0.028 ps/nm-km, corresponding to the
364 km with Py = 1.3 mW and the effective dispersion lengthinitial modulation depthd = —0.4. We set the unsaturated gain
Lp, e = 610 km with T},,;, = 14 ps, so thatyxy, = 3.9 and  coefficient of the first 22 EDFASY; 5, ¢ equal to 12.25 dB

vp = 2.3, respectively. and the unsaturated gain of the last EDFA in the ldog o
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TABLE |
FIBER PARAMETERS IN (A) TYCO-CRZ SrSTEM, (B8) CNET-DMS SrSTEM, AND (C) KDD-RZ SYSTEM

fiber D D L A | ng x 10716 «
(ps/nm-km) | (ps/nm®km) | (km) | (pm?) | (em?/W) | (dB/km)
(a) |__SMF 17 0.075 %0 | 50 76 0.21
DSF —2.125 0.075 160 50 2.6 0.21
SMF 16.4 0.075 102 50 2.6 0.21
(b) DCF -95 —0.2 17.5 20 2.55 0.6
Pre-DCF —100 ~0.2 3.5 20 2.55 0.5
Post-SMF 16.4 0.075 2.9 50 2.6 0.21
(c) SMF 17.5 0.07 100 75 2.55 0.21
DSF —1.694 0.07 1033 75 2.6 0.21
TABLE I

FIBER PARAMETERS IN (A) TYCO-CRZ SrSTEM, (B) CNET-DMS SrSTEM, AND (C) KDD-RZ SYSTEM FOR A TYPICAL CHANNEL SELECTED IN
THE SINGLE CHANNEL STUDIES

fiber D B D B §D 8" A
(ps/nm-km) | (ps?/km) | (ps/nm-km) | (ps?/km) | (ps/nm-km) | (ps?/km)
(a) | SMF 16.64 —21.33 —0.36 0.462 —0.028 0.036 —-0.6
DSF —2.485 3.186
(b) | SMF 16.4 —21.03 0.246 —-0.315 0.034 —0.044
DSF —95 121.79
(c) | SMF ~1.824 2.351 —0.14 0.179 —0.028 0.036 —-04
DSF 17.36 —22.256

equal to 13 dB so that the average power in each WDM channel
is about 0.44 mW. Consequently, the effective nonlinear length
LNnL e = 3140 km with P, = 0.23 mW and the nonlinear
coefficienty = 1.4 x 1073 m~*W~!. The effective dispersion
length L, is 2290 km with7,,,;,, = 24 ps at the WDM channel
has already been described. Thus, we obtain = 2.9 and s
7p = 4.0. 0 Distance (km)
Comparing the parameters of our three model systems, we
find that the power in the CNET-DMS system is approximatelyig. 2. Evolution of the FWHM pulse duration at the end of each map period
four times greater than in our model of the Tyco-CRZ systeri,the Tyco-CRZ system.
but the total propagation length is approximately three to four
times smaller. In our model of the KDD-RZ system, the power !
is about the same as in our model of the Tyco-CRZ system;
however, we used a large effective area fiber that has a reduced
nonlinear coefficient by a factor of 1.5. Consequently, we found
that the values ofyy, are all within a factor of two of each other.
The same is true foyp. We summarize the fiber parameters in 0 ‘ 1500
all three model systems in Table I. Distance (km)

FWHM (ps)

5000

FWHM (ps)

Fig. 3. Evolution of the FWHM pulse duration at the end of each map period
in the CNET-CRZ system.

We begin our study by focusing on the single-channel signal

propagation, which allows us to explore a wider parameter spaggnificantly from zero. Meanwhile, the better compensation of
and to better understand the pulse evolution and characteristiws third-order dispersion implies that an offset is unnecessary.
in our three model systems. We will describe a case in which tiiée list the fiber parameters for the particular channels that we
average dispersion in the transmission line differs from zero biose in the three model systems in Table II.

an amount that is typical for most channels in a WDM system We show the evolution of the FWHM of a single pulse at the
and allows us to discuss the dynamics of the dispersion coemnd of each map period along the transmission line for each of
pensation. In our model of the Tyco-CRZ system, we offset tloair three model systems in Figs. 2—4. In each of these three
channel wavelength from the zero dispersion pointidy8 nm, model systems, the final pulse is compressed relative to the ini-
whereas for the KDD-RZ system, we offset the channel waval pulse by a factor of 1.5 to 2. However, the intermediate
length from the zero dispersion point by2.0 nm. In our model evolution is quite different in all three cases. In our model of
of the CNET-DMS system, we do not offset the wavelengtlthe Tyco-CRZ system, shown in Fig. 2, the chirped pulse first
because the dispersion at the center wavelength already diffeiretches by six to seven times its initial duration. During the

IV. INTRACHANNEL SYSTEM BEHAVIOR



MU AND MENYUK: CONVERGENCE OF CRZ AND DMS MODULATION FORMATS IN WDM SYSTEMS 613
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Fig. 4. Evolution of the FWHM pulse duration at the end of each map period é 2y T
in the KDD-RZ system. a r -
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propagation, the residual dispersion in the transmission, com- (GHz/ps) ¢ (GHzlps)

bined with the initial chirp, leads to a gradual pulse compressibig: 5. Dependence on the chiep of the pulse compression rati... / Tin

il th | hes i . d . h idooi a?d the optimal residual average dispersidn. The short dashed lines with
until the pulse reaches its minimum duration at the midpoint @feq circles are the results predicted by modified linear theory and the solid

the propagation. Then, the pulse stretches again until it resunv@s with squares represent the result of the full nonlinear model, whereas the

; ; i i ; )ng dashed lines with triangles represent the prediction from Gaussian theory.
a pU|Se duration of two to three times the Orlglnal duration bl{")he left side corresponds to the results in the Tyco-CRZ system, whereas the

fore the final compression in the compensating fiber. We nafgnt side represents the results in the CNET-DMS system. We do not show
that this gradual change in the pulse duration occurs in adtfie Gaussian theory in the dependence of the chirp versus the optimal residual

. . . . . verage dispersion in the Tyco-CRZ system (the left lower figure) because there
tion to the far more rap|d Change inside the dlsperS|on map. T%‘%o visible difference between the Gaussian theory and the modified linear

pulse expansion is large in our model of the Tyco-CRZ systefory.

because the compensation is only done at the beginning and

the end of the transmission line. By contrast, the CNET-DM - . .
o e minimal pulse duratioffy,;,, occurs atZ = Z,,,;;, and their

system uses inline DCFs that nearly compensate both the dis- .

. . . . . alues are given by

persion and the dispersion slope in every map period along t\ﬁe

line, although the remaining dispersion is still sizeable, which B o o

minimizes interchannel interactions. The initial stretch is pro- Zmind' = — T+ T3 )

duced by dispersion in the prechirp DCF. Moreover, the chirp T 1 0

that is produced by the prechirp DCF fiber is smaller than what ;m “qrane

is produced by phase modulation. The pulses only stretch a little ! “0

under twice their initial pulse duration and then gradually com- We h d th dicti f this simole [i

press during the remaining propagation to their final pulse dura- € avcﬁ com_pa_redt elpr_e |<_:t|ons ?1 this s:jmlpe Inear

tion shown in Fig. 3. In the KDD-RZ system seen in Fig. 4, th eory to the optimized evolution in our three model systems.

dispersion is compressed in every 1000-km-long loop period.\me have also compared a modified linear theory in which

this case, the pulse compresses continually during its propa & s.o.lve Rl propagatlon equation (1), W'th the same initial
nditions as in the complete theory, but with the Kerr non-

tion through the system with most of the compression occurri g . d off. We sh h its of thi )
in the first couple of periods of the dispersion map. ImperfeLl earity turned off. We show the results of this comparison

0 Fig. 5 for our models of the Tyco-CRZ and CNET-DMS

compression, along with a residual chirp, leads to small oscill . o o .
tions in the pulse duration at the end of the pulse propagatio ystems. There is no visible distinction between the Gaussian

theory and the modified linear theory in the dependence of the

Despite the large differences in the evolution of the three . : . o
. ; e . (irp versus the optimal residual dispersion in the Tyco-CRZ
model systems, there is one important similarity that is clear

s)f/stem; thus, the former curve does not appear. We see that

visible. All three systems use an initial chirp, in combinatio . R o "
; . 4 . the Gaussian approximation is qualitatively useful, but it is not
with the residual dispersion, to compress the pulse at the end; . ) o
uantitatively exact in most cases. By contrast, the modified

One can better understand the pulse compression mpafl . .
b de. - pulse Pressio by comp .[mgar theory predicts output pulse durations for our model
the observed behavior to the linear propagation of a Gaussian-

shape pulse [16]. This theory predicts that the output pulse u-the Tyco-CRZ model system that agree with the predic-

(10)

1/2

. : . . ion of the full nonlinear theory within 10% to 15%. In the
ration T, at a distancee = 7 is related to the input pulse .
. . CNET-DMS model system, the pulses are less chirped and are
durationZ;, through the relation o ) :
compensated each period; thus, the discrepancies are somewhat
larger. We have not included the KDD-RZ system in Fig. 5
T codB"Z 2 537 2 because stable pulses only exist for a limited range qf the_ chirp
il L G 7 (8) parameters-5.2 GHz/ps < C < —3.7 GHz/ps. Within this
" " " range, the residual average dispersi@honly varies between
—0.03 ps/nm-km and—0.02 ps/nm-km, correspondingly,
where we lety = CT2 = nAQ?*T2, C is the chirp parameter, and the ratioZ,,,, /7%, varies between 0.53 and 0.67. These
A is the modulation depth2/2x is the bit rate, and we recall ranges are limited by the strong filtering that occurs due to
that 63" is the residual average dispersion. One can see teascading the narrow band MUX and DEMUX elements in
whené3”cq < 0, the pulse will initially compress. In this casethe DSCs. We found that whea = —0.4, corresponding to
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Fig.6. Eyediagramsinasingle channel case in the Tyco-CRZ system. (a) Hi§. 8. Eye diagrams in a single channel case in the KDD-RZ system, where
case in which neither nonlinearity nor ASE noise is included in (1). (b) The cag®)—(d) are the same as in Fig. 6.

in which we only neglect the ASE noise. (c) The case in which we only neglect

the nonlinearity in the simulations. (d) The case in which neither nonlinearity

nor ASE is neglected. the single-pulse dynamics. Second, signal-spontaneous beat

(@) (b) noise dominates the growth of impairments in the electrical
eye diagrams. This behavior is typical for linear systems. At
the same time, nonlinearity plays an important role in all three
model systems. In particular, as mentioned previously, we have
shown that unless dispersion compensation is divided between
(@ the beginning and the end of the transmission in the Tyco-CRZ
system, the eye diagrams exhibit substantial timing jitter [13]. In
other words, a property that is typical of linear system—that the
spread in the eye diagrams is dominated by spontaneous-signal
beat noise—does not hold unless the nonlinearity is properly
300 mitigated. Thus, we refer to these systems as quasi-linear to indi-
cate that they behave as if they were linear inimportant respects,
%ut that nonlinearity and its mitigation play important roles.

Voltage (a.u.)

Fig. 7. Eye diagrams in a single channel case in the CNET-DMS syste
where (a)—(d) are the same as in Fig. 6.

V. WDM STUDIES

¢ :_4'96 GHz/ps, the valges ofD and the ratio offou; /Tin In this section, we will study the performance of our three
predicted by the full nonlinear model are0.028 psinm-km 40| systems with WDM. We keep seven or eight channels in
and 0.53, by the modified linear model ar®.023 ps/nm-km . o4,dies, which previous work indicates is sufficient to study
and 0.51, and by the Gaussian model @038 ps/nm-km o channel interactions in a full WDM system [22]. Channels
and 0.2. The discrepancy between the full nonlinear theory afl are far away do not affect each other much because they pass
the modified linear theory is only 20%. through each other quickly, due to dispersion. In the WDM sys-
~ We now turn from an examination of single-pulse propaggsms that we modeled, the channels are evenly spaced in wave-
tionto examlnatlo_n ofa complet_e channel consisting of a 64‘%gth and each wavelength has a slightly different average dis-
pseudorandom bit stream. Using the same parameters agdfsion. In all of our WDM simulations, we assumed that the
Figs. 2—4, we show the electrical eye diagrams for all three syspFa has the same gain for all the WDM channels. In reality,
tems in Figs. 6-8 that are calculated using our receiver modgh accumulated gain difference must be avoided by using pas-
In order to determine the principal source of the impairmentgye gain-equalizing filters [23], [24].
we sequentially turn off both the ASE noise and the nonlin- comparing the results of this section to those of the previous
earity, just the ASE noise, just the nonlinearity, and neithggctions allows us to determine the importance of the inter-
ASE noise nor nonlinearity. In our models of the Tyco-CRZhannel interference and to verify that the pulse behaviors that
system and the CNET-DMS system, the spontaneous-sig@@ observed in our single-channel studies are not significantly
beat noise clearly dominates the impairments. In our modgitered by interchannel interactions. We kept seven channels in
of the KDD-RZ system, nonlinearity does strongly impact theur models of the Tyco-CRZ and CNET-DMS systems and we
eye diagrams. However, the impairments in the center of tkept eight channels in our models of the KDD-RZ system. We
bit window, where the detection takes place, is dominated bged the same system parameters as in Section lll. The channel
signal-spontaneous beat noise. spacing in our models of the Tyco-CRZ and CNET-DMS sys-
We conclude that in all three model systems, the behavi@ms is 0.6 nm, whereas in our model of the KDD-RZ system,
resembles linear systems in two important respects. First, thes 0.8 nm. In our model of the Tyco-CRZ system, we placed
pulse dynamics is dominated by the linear dispersion and thieannel 4 at the zero average dispersion wavelength, which is
initial chirp. The nonlinearity plays a relatively small role in1550 nm; in our model of the CNET-DMS system, we placed
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TABLE Il T T ' ! ' T "]
THE RESIDUAL DISPERSION IN THEEIGHT WDM CHANNELS OF THE
KDD-RZ SYSTEM, WHERE CH = CHANNEL .
— = g
Ch| 4 oD " =
(ps/nm-km) | (ps*/km) z
1 | 04| —0033 0.042 3
2 | -04 —0.028 0.036 5
3 1-04 -0.024 0.031 =
1 [ —04] =002 0.026 8
5 [—04| —0023 0.029 g
6 | —04] —0.018 0.023 b
7 | =04 —0.013 0.017
8 | -04 —0.018 0.023
1547 Wavelength (nm) 1533

channel 4 at 1550 nm; however, the corresponding dispersion

significantly deviates from zero. In our model of the KDD-RZig. 9. Evolution of the (a) input and (b) output spectral intensity in the
system, we place channels symmetrically around the centf4io-CRZ system.

wavelength of 1550 nm and the zero dispersion occurs in be-
tween channels 4 and 5. The channel spacing in our model of the
Tyco-CRZ model system is larger than in the experimental sys-
tems, but we did not use orthogonal polarizations in neighboring
channels or forward error correction coding. In our model of
the CNET-DMS model system, we use a bit rate of 10 Gb/s in-
stead of 20 Gb/s, but we did not use orthogonal polarizations in
neighboring bits to generate a 20-Gb/s pulse train. We applied
the same prechirping and the same residual dispersion for all
seven channels in our model of the Tyco-CRZ system. We fixed
the length of the pre- and postcompensation fibers at 10 km for _50
all seven channels, but we varied the fiber dispersion to obtain ' '

the optimal average dispersion. In the experimental system, one 1547 1553

must vary both the fiber type and the length to obtain the op- Wavelength (nm)

timal average dispersion. However, we have verified that as long

as the accumulated dispersion in the pre- and postcompensalfign10. Evolution of the (a) input and (b) output spectral intensity in the
fibers are correct, the result does not change. In our model of fHeE T-CR# system.

CNET-DMS system, there is no individual prechirp and post-
compensation for each channel. Because the dispersion slope is
small at the end of each map period, it is possible to use one
piece of fiber to prechirp the pulse in all of the channels and, at
the end, to use one postcompensation fiber to recover the pulse
in all of the channels. In our model of the KDD-RZ system, we
used the same chirp for all eight channels, but the residual dis-
persion after one loop period differs slightly from channel to
channel, as shown in Table Ill. We fixed the length of compen-
sating fiber at 5 km but varied the fiber dispersion to obtain the
optimal residual average dispersion.

The simulation results for the input and output spectra are
shown in Figs. 9-11. We note that the spectra are the same for
all of the channels in each case within the resolution of the plot.
There is a tendency for the spectral intensity to decrease in be- 1544
tween the channels in the KDD-RZ transmission system due to
the cascading of the DSC, which includes a MUX and DEMUXig. 11. Evolution of the (a) input and (b) output spectral intensity in the
pair that gradually narrows the signal spectrum. In Figs. 12—1¢QD-RZ system.
we showed the eye diagrams at the receivers in these systems.

The eye diagrams are calculated using our receiver model. Tdneased degradation is due to low average dispersion in every
eye diagrams are similar to what were obtained in the singleap period along the line, which increases the nonlinear inter-
channel system, but with more amplitude jitter. channel interactions. A similar trend is not visible in [1] and

In our model of the Tyco-CRZ system, we observe somewh&i, perhaps because these experiments used orthogonal polar-
more degradation in channel 4 than in channel 2 or 6. This izations in neighboring channels.

(N B

71 T T T 1T

Spectral Intensity (dB)

Wavelength (nm)

(@)

T T

Spectral Intensity (dB)

1556

Wavelength (nm)
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VI. CONCLUSION

There has been a long debate in the optical fiber communi-
cations community over whether it would be preferable to use
an NRZ format or a soliton format in long-haul systems. In re-
cent years, the NRZ format has evolved into the CRZ format,
while the soliton format evolved into the periodically stationary
DMS format and, from there, into the nonperiodically stationary
or quasi-linear DMS format. It is our view that the soliton and
nonsoliton formats have effectively converged.

In this paper, we compared three systems that exemplify
modern-day CRZ, DMS, and RZ systems. We did so by creating
computer models that reproduce the essential features of all
three systems. We found that the pulse dynamics is dominated
by the initial chirp of the pulses and the linear dispersion in
the transmission line. We also found that the spread in the
electronic eye diagrams is dominated by spontaneous-signal
beat noise. This behavior is typical for linear systems. At the
same time, we also found that nonlinearity plays an important
role in all three systems and must be properly mitigated in order
for the typically linear behavior just mentioned to manifest
itself. We refer to these systems as quasi-linear to indicate that
the pulse dynamics and eye diagrams in these systems resemble
those in linear systems, although the nonlinearity plays an
important role. These systems resemble each other far more
closely than any of them resembles the periodically stationary
Ch.6 DMS systems of Suzulgt al. [9] or Jacobet al.[10].

Voltage (a.u.)

Fig. 12. Eye diagrams of three channels in the Y0 Gb/s Tyco-CRZ WDM
system.

Ch.2

Voltage (a.u.)
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