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1. Introduction
For more than ten years, transmission of information in optical
ﬁber systems at bit rates per channel higher than 160 Gbit/s has
been subject to a large number of numerical and experimental
investigations [1,2]. At such bit rates, ﬁber dispersion becomes
one of the dominant limiting effects and the implementation of a
dispersion compensation scenario is usually necessary to ensure
that each pulse remains trapped in its bit slot when the optical signals reach the receiver. Basically, two dispersion management
techniques have been reported in the literature. The ﬁrst one, referred as ‘‘conventional dispersion management”, consists of compensating for the dispersion of the transmission ﬁber (typically
single mode ﬁber SMF) at the end of each ampliﬁcation span. In
such pseudo-linear systems, input pulses broaden rapidly and
spread over a large number of neighboring bits. The propagation
distance is therefore mainly limited by intrachannel nonlinear effects such as intrachannel four wave mixing (IFWM) or intrachannel cross-phase modulation (IXPM) [3–5]. The second technique,
known as ‘‘dense dispersion management” (DDM), consists of
alternating the ﬁber dispersion over distances much shorter than
the ampliﬁcation span (typically every kilometer) [6,7]. In such
systems, pulses propagate with a strongly reduced breathing, leading to a signiﬁcant reduction of the intrachannel interactions [6].
This DDM technique was then considered in several numerical
and experimental investigations [6–22]. In particular Maruta
et al. were ﬁrst to experimentally demonstrate the capacity of this
kind of transmission regime through the propagation of a 87-GHz
pulse train [12]. In 2003, Fatome et al. have also demonstrated the
potential of the DDM technique for 160-Gbit/s applications
through the propagation of a 160-GHz pulse train on 900 km in a
commercially available NZ-DSF ﬁber based dispersion map [13].
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In parallel, dense dispersion ﬁbers called ‘‘perfect cables” because
of their spliceless feature were also developed to overcome the
practical implementation issue provided by the concatenation of
a large number of ﬁber sections and in particular the resulting
splicing losses [14,17,18]. The drawing process of this kind of
DDM ﬁbers was demonstrated in Refs. [14,17,18] and lead to the
ﬁrst and only experimental system result of a 100-Gbit/s transmission on 1000 km [14]. More recently, a comparison between the
DDM and quasi-linear regimes at 160 Gbit/s has been also reported
in Ref. [19], showing that DDM transmission lines, which allow
much longer propagation distance in a single-channel conﬁguration than pseudo-linear systems, could suffer from strong interchannel nonlinear interactions in the wavelength division
multiplexed (WDM) conﬁguration. However, in Ref. [20], Shtaif
has shown that these interchannel penalties could be removed
by using a twofold periodicity but in the cost of the DDM map simplicity. Nevertheless, another practical advantage of DDM system
is that the information is available at each dispersion managed cell
(typically every kilometer) whereas in pseudo-linear systems,
pulses are recovered only at the end of the ampliﬁcation span (typically 100 km). This property could ﬁnd signiﬁcant interest in some
speciﬁc systems, for example in a network conﬁguration where the
signal could be plugged in or picked up at almost any point of the
line. Therefore, we believe that some efforts remain to be done in
order to better understand the basic properties of DDM systems.
Indeed, although many analytical and numerical studies have been
published on the DDM technique, the design rules remain generally either complicated, large numerical time consuming, sometimes simply inaccurate and most often far from the real
implementation issues. Consequently, it is worth noting that very
few experimental results follow from these studies. In this context,
we propose to establish and demonstrate in this work some analytical and practical simple rules for the design of single-channel
DDM ﬁber systems and to numerically study some of actual
implementation issues such as slope compensation scenario,
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polarization mode dispersion, junction losses and chromatic dispersion ﬂuctuations.

During its propagation on dz in the DDM system, the cumulated
nonlinear phase of P1(t) is given by

d/NL ðtÞ ¼ cðP1 ðtÞ þ 2P2 ðtÞÞdz ¼ cðjA1 ðtÞj2 þ 2jA2 ðtÞj2 Þdz

2. Analytical design rules

ð2Þ

With
2.1. Optimum number of ﬁber sections
The DDM system studied in this work is schematically described in Fig. 1. It consists of an ampliﬁcation span of Za = 50 km
made of a concatenation of N ﬁber sections (L1  L2) with opposite
dispersions of ±D and an average dispersion dm. The third-order
dispersion is taken into account and slopes could have the same
or opposite signs depending on the study. The ﬁber has an effective
area of 55 lm2 and typical high losses of a = 0.3 dB/km due to the
prototype nature of this kind of ﬁber. The ampliﬁcation stage is ensured by an Erbium doped ﬁber ampliﬁer (noise ﬁgure of 4.5 dB)
followed by a 1-THz ﬂat-top optical ﬁlter to avoid the accumulation of spontaneous noise emission during the propagation. The
transmitted signal consists of a return-to-zero (RZ) 160-Gbit/s
pseudo-random bit-sequence (prbs) of 2048 bits Gaussian pulses
having a full width at half-maximum of FWHM0 = 1.5 ps. Polarization mode dispersion (PMD) is taken into account thereafter.
The design rules of the system are based on an original idea
developed by Mamyshev in Ref. [23] and extended here to the
DDM implementation. Basically, as illustrated in Fig. 1b, in a densely dispersion managed system, the map length being much
shorter than the ampliﬁer span, pulses propagate with a strongly
reduced breathing compared with the case of a conventional dispersion management system [6–11]. Following the observation
that the pulse breathing is limited to the ﬁrst neighboring bit slots,
and in order to determine the optimum number of ﬁber sections
contained in our system N = Nopt, we have to found a criterion
which minimizes only the nonlinear interactions between ﬁrst
adjacent pulses. To this aim, as proposed by Mamyshev in Ref.
[23] for classical dispersion management systems, we shall consider the nonlinear phase of a pulse P1(t) overlapped during its
propagation by a neighboring pulse P2(t). In order to apply and extend the Mamyshev method to the case of DDM system, we will
consider not only the cross-phase modulation effect (XPM) but also
the self-phase modulation (SPM) undergone by pulses during their
propagation and minimize the total shift of the instantaneous frequency occurring during the whole DDM ampliﬁer span
propagation.
We consider two neighboring Gaussian pulses P1_0(t) and P2_0(t)
with electric ﬁeld A1_0(t) and A2_0(t) separated by T = 6.25 ps corresponding to a bit rate of 160-Gbit/s and deﬁned as

P 1 0 ðtÞ ¼ jA1 0 ðtÞj2 ¼ expðt2 =t 20 Þ




i
A1 ðtÞ ¼ TF 1 TF ðA1 0 ðtÞÞ exp
b2 x2 dz
2



i
A2 ðtÞ ¼ TF 1 TFðA2 0 ðtÞÞ exp
b2 x2 dz
2

ð3Þ

where b2 is the chromatic dispersion of the ﬁrst ﬁber segment and
x the angular pulsation. The instantaneous frequency shift dDf
integrated on P1(t) propagating on dz is then given by

R dP1
dt

dDf ¼ c


þ 2 dPdt2 P1 dt
R
dz;
P1 dt

ð4Þ

where we have multiplied the top term by P1 so as to balance the
nonlinear effects by the number of photons of P1(t) concerned by
the overlapping interaction.
If we now calculate the total instantaneous frequency shift Df
undergone by P1(t) along the ampliﬁcation span we obtain the following relation:

Df ¼ 2Nc

Z
0

L1 =2

R dP1
dt


þ 2 dPdt2 P1 dt
R
dz:
P1 dt

ð5Þ

Fig. 2 represents Df integrated over the whole ampliﬁcation
span as a function of the maximum pulse broadening e = FWHM/
FWHM0 occurring in the line at L1/2 = Za/2N and normalized by
the bit slot T.
We can see in Fig. 2 that the evolution of Df is dramatically different that the results obtained in Ref. [23] by Mamyshev. For very
weak pulse broadening, pulses propagate in a quasi soliton regime
and consequently the SPM effect dominates. Then, when the maximum of pulse broadening increases and pulses begin to overlap,

ð1Þ

P 2 0 ðtÞ ¼ jA2 0 ðtÞj2 ¼ expððt  TÞ2 =t20 Þ

with t0 = FWHM0/2 ln(2)1/2, FWHM0 being the full width at halfmaximum at z = 0.

a

Fig. 2. Instantaneous frequency shift as a function of maximum pulse broadening
occurring in the line.
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Fig. 1. (a) Dense dispersion management system set-up. (b) Illustration of pulse breathing occurring during the propagation of pulses in a DDM system.
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we can see that the total instantaneous frequency shift decreases
until a minimum obtained for e = 0.55. This phenomenon can be
explained by the decrease of the average peak power due to pulse
broadening and thus the decrease of SPM, but also by the fact that
SPM and XPM have an opposite sign when pulses began to overlap.
For pulse broadening larger than e = 0.55, the XPM effect begin to
dominate and reach a maximum for e = 1.5, where maximum of
nonlinear interactions occur. Note that for broadening larger than
3, the model is not still valid because pulses begin to overlap on
several neighboring pulses and thus, we fall in a classical dispersion managed system mainly rules by IFWM [3–4].
The maximum pulse width (FWHM) achieved by a Gaussian
pulse having an initial pulse width FWHM0 and propagating in
our DDM line is obtained at L1/2 and is given by [24]

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2

2
L1
za
FWHM ¼ FWHM0 1 þ
¼ FWHM0 1 þ
;
2Ld
2NLd

ð6Þ

where Ld is the dispersion length given by [24]

Ld ¼

FWHM20
1:6652 jb2 j

:

ð7Þ

By introducing the condition on e in Eq. (6), we can now calculate
the optimum and worst number of ﬁber sections N as a function
of ﬁber dispersion of the line and initial pulse width thanks to the
following relation:

N¼

za
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
;

2
eT
2Ld

1
FWHM 0

ð8Þ

where e = 0.55 for the optimum ﬁber line Nopt and e = 1.5 for the line
to avoid Navoid. Note that linear and local losses could be taken into
account in relation (5) but would not change the optimum line.
In order to valid our approach, we have simulated the DDM system illustrated in Fig. 1a so as to ﬁnd the optimum and worst number of ﬁber sections for different couple of ﬁber dispersions ±D.
Numerical simulations have been performed by means of the VPI
transmission maker software using a classical split step Fourier
algorithm. The third-order dispersion is in-line managed by means
of ﬁber sections with opposite slope S = ±0.07 ps/km nm2. Polarization mode dispersion is still neglected. Fig. 3a shows a typical performance-map obtained for D = ±3 ps/km nm. This map represents
the maximum transmission distance deﬁned as the maximal propagation distance where the usual Q-factor still remains larger than
6 as a function of the number of sections N contained in the DDM
ampliﬁer span as well as average power. The average chromatic
dispersion of the line was derived for each simulation by means
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of the method described bellow in Section 1.2. For a number of ﬁber sections below N < 40, we can see a white area where the transmission distance remains under 1000 km with a minimum of
performances obtained for Navoid = 20. At the opposite, when
N > 50, the transmission distance remains larger than 2000 km
with an optimum (2700 km) number of ﬁber sections equal to
Nopt = 60 (L1  L2  830 m) for an average power of Popt = 5.5 dBm.
Note that the number of ﬁber sections is not a critical parameter
and presents a large tolerance around Nopt where performances remain larger than 2500 km, which is a great advantage for practical
implementation.
For illustration, we have plotted in Fig. 3b the usual Q-factor as
a function of distance for the optimum 60- and to avoid 20-ﬁbersections D = ±3 ps/km nm, S = ±0.07 ps/km nm2 DDM line found
in Fig. 3a as well as for a typical example of dispersion managed ﬁber line made of 100 km of single mode ﬁber (SMF, D = 17 ps/
km nm, S = 0.07 ps/km nm, Aeff = 80 lm2 and a = 0.2 dB/km) followed by 17 km of dispersion compensating ﬁber (DCF, D =
100 ps/km nm, S = 0.41 ps/km nm, Aeff = 30 lm2 and a =
0.6 dB/km) [25]. The ampliﬁcation stages are ensured by two EDFA
and two 1-THz ﬂat-top ﬁlters while the optimum average power
was found to be P = 5.9 dBm [25]. As we can see, a large improvement is reached for the optimum Nopt = 60 DDM line while the Navoid = 20 DDM and classical SMF/DCF-lines merely provide identical
performances. This last result underlines the fact that the number
of ﬁber sections and thus the design of the line must be carefully
chosen in the sense that increasing the number of ﬁber segments
is not sufﬁcient to improve the performances of the system and
can even be worst than a classical SMF/DCF transmission line as
shown in Fig. 3b.
In order to valid the relation (8), we have completed the same
performance-map as shown in Fig. 3a for several values of ﬁber
dispersion in the range of 0–5 ps/km nm and reported in Fig. 4a
the optimum (circles) and to avoid (stars) number of ﬁber sections
N as well as our theoretical predictions provided by equation (8),
(dashed-line). As can be seen, a great agreement between theoretical and numerical results is achieved proving the validity of our
calculations. Moreover, to illustrate the tolerance in terms of optimum ﬁber sections, we have also plotted tolerance bars showing
the number of ﬁber sections that allow at least 90% of the maximum transmission distance. As can be seen, a comfortable tolerance around Nopt is obtained, which is compatible with ﬁber
manufacturing processes. Finally, in order to give an overview of
the ﬁber to be drawn, we have also plotted in Fig. 4b the ﬁber
length section corresponding to the results of Fig. 4a. The numerical and theoretical results are simply obtained by the relation
(L1  L2  Za/N).

Fig. 3. (a) Performance-map for the D = ±3 ps/km nm, S = ±0.07 ps/km nm2 DDM line as a function of number of ﬁber sections and average power. (b) Q-factor as a function of
distance for the optimum (N = 60) and to avoid (N = 20) D = ±3 ps/km nm, S = ±0.07 ps/km nm2 DDM line as well as for a classical SMF/DCF line.

1430

J. Fatome et al. / Optics Communications 282 (2009) 1427–1434

Fig. 4. (a) Numerical results: optimum (circles) and to avoid (stars) number of ﬁber sections as a function of ﬁber dispersion. Dashed-lines: theoretical predictions given by
relation (8). Tolerance bars: number of ﬁber sections allowing at least 90% of the maximum transmission distance. (b) Length of ﬁber sections corresponding to the results of
Fig. 4a.

We attribute this observation to the fact that the S = 1.65 rule was
obtained by means of the collision distance calculation between
two neighboring pulses which we believe is no suitable to optimize
a DDM system.
2.2. Optimum average dispersion

Fig. 5. Numerical results: maximum transmission distance (circles) and S parameter (stars) as a function of ﬁber dispersion for the optimum number of ﬁber section
Nopt found in Fig. 4a.

Fig. 5 complete the numerical results obtained in Fig. 4a for the
optimum number of ﬁber sections. We can see that the maximum
transmission distance (circles) is merely constant as a function of
dispersion but it would be suitable to choose a dispersion value
above 2 ps/km nm in order to be less sensitive to the third-order
chromatic dispersion and dispersion ﬂuctuations. We have also
indicated in Fig. 5 the corresponding optimum S parameter (stars)
often used in the literature and given by

S¼

ðL1 b2

1

 L2 b2 2 Þ

FWHM20

:

ð9Þ

We can see that the usual S parameter is merely found around 2.5
and not equal to 1.65 as often mentioned in the literature [26].

It has been shown in previous works that a slight positive average dispersion can substantially improve the performance of the
dispersion managed transmission line [7]. This property is illustrated in Fig. 6a where we have plotted the evolution of the maximum transmission distance of the D = ±3 ps/km nm 60-sections
DDM ﬁber as a function of the average dispersion of the line for
an average power of Popt = 5.5 dBm (stars). As can be seen, the maximum transmission distance is increased by nearly a factor two
simply by optimizing the amount of residual dispersion.
Therefore, in this section, we will focus our attention on indicating a way so as to simply and rapidly determine the optimum average dispersion of the DDM line. To this aim, we will compare our
method to two other techniques to estimate this optimal value.
The ﬁrst one consists of simulating the signal propagation as in
Fig. 6a (stars) and calculating the Q-factor for each value of the
average dispersion [7]. Since it models the system as accurately
as possible, this method is the most reliable but is in general large
numerical time consuming. To overcome this drawback, some analytical methods have been developed, mainly based on variational
techniques. For example, in a recent paper, Nakkeeran et al. have
derived an analytical method based on collective variables to obtain an estimation of the optimum average dispersion [20–22].
By applying this method to our system, we have instantaneously

Fig. 6. (a) Maximum transmission distance (Q > 6) as a function of the average dispersion for the D = ±3 ps/km nm, S = ±0.07 ps/km nm2, DDM line and Popt = 5.5 dBm. The
circle is the optimum average dispersion obtained from the collective variables technique whereas the square is obtained from the numerical method of Fig. 6b. (b) Evolution
of the normalized D parameter as a function of the average dispersion of the D = ±3 ps/km nm, S = ±0.07 ps/km nm2, DDM line and Popt = 5.5 dBm.
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obtained the value indicated by a circle in Fig. 6a. A good agreement with numerical simulations is obtained, illustrating the efﬁciency of this analytical approach. But, because such an analytical
technique can be difﬁcult to implement in practice, we have ﬁnally
considered a simple numerical method based on the propagation
of a single optical pulse. More precisely, we will consider an isolated optical pulse of our signal propagating in a single ampliﬁcation span and will maximize the correlation between the input and
output pulses as a function of the average dispersion. At the end of
the span, we estimate the transmission quality by using the following correlation parameter:

D¼

Z

T=2

juðza ; tÞ expði/Þ  uð0; tÞ expðaza =2Þjdt;

ð10Þ

T=2

where a is the linear ﬁber losses, u(t) the electric ﬁeld and ua is a
phase offset chosen so that the two complex ﬁelds have the same
phase at the center of the bit slot. Fig. 6b shows the evolution of
D in normalized units) as a function of the average dispersion of
the D = ±3-ps/km nm, 60-sections, Popt = 5.5 dBm DDM line. The
minimum D value (square in Fig. 6a), corresponding to a maximum
correlation between the input and output pulses, is in good agreement with the values obtained from the previous methods and thus
provides a good estimation of the optimum average group-velocity
dispersion. Note that this simple technique, as well as the collective
variables approach, is efﬁcient as long as the interaction between
neighboring adjacent pulses can be neglected.
3. Inﬂuence of dispersion ﬂuctuations
As pointed out in Refs. [17,27,28], dispersion of ﬁber sections
can ﬂuctuate along the line due to the extreme sensitivity of the
DDM ﬁber drawing process or simply because of the inﬂuence of
surroundings [27,28] and thus could lead to pulse broadening
and signal degradations [29,30]. In this section, we analyze the
inﬂuence of this phenomenon on the performance of the optimum
D = ±3 ps/km nm, 60-sections DDM line. Note that third-order
chromatic dispersion is in-line managed by means of ﬁber sections
with opposite slope S = ±0.07 ps/km nm2. The dispersion ﬂuctuations are modeled at any point of the ampliﬁcation span by adding
a random amount of chromatic dispersion DD(z) to the local dispersion Dth = ±D. DD(z) has a 0-mean value and is modeled by a
sum of 10 sinusoidal functions which period and phase are randomly chosen. At any point of the line, the chromatic dispersion
is given by D(z) = Dth + DD(z) with

DDðzÞ ¼ U

10
X
n¼1

sin



2p K n
z þ un ;
za

ð11Þ
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where Kn e [50:1000], /n e [0:2p] and U represents the amplitude of
these ﬂuctuations. The degradation of the line is characterized by
the standard deviation rD of DD(z).
Kn is randomly drawn in the interval [50:1000] so as to take into
account both rapid and slow ﬂuctuations of chromatic dispersion,
thus, the 10 sinusoidal functions have spatial periods comprised
between 50 m (Kn = 1000) and 1 km (Kn = 50). The random phase
un allows us to decorrelate the 10 functions and thus to avoid
any cumulative effect. U is kept constant for the 10 sinusoidal functions so as to not emphasize any regime of ﬂuctuations. Fig. 7a
shows an example of the D = ±3 ps/km nm 60-sections DDM line
degraded by a rD = 24% dispersion variation. Then, we have simulated the propagation of the 160-Gbit/s signal in the degraded line
as a function of the dispersion ﬂuctuation amplitude for
Popt = 5.5 dBm. The results are averaged on 10 runs of degraded line
so as to avoid any dramatic event. The performances of the system
as a function of rD are presented in Fig. 7b. We can observe that the
random ﬂuctuations of chromatic dispersion do not affect the quality of the transmission, even for ﬂuctuations as large as 24% providing that the average value of chromatic dispersion is kept to its
initial value and that the ﬂuctuation period is much smaller than
the nonlinear length so as to not perturb the DDM soliton.
4. Inﬂuence of slope compensation scenario
Although it was demonstrated in Ref. [14], it seems technically
difﬁcult during the drawing process to achieve a slope management by means of opposite slope ﬁber sections. Consequently,
manufacturers would often prefer to minimize a ﬁxed value of
the line dispersion slope [17,18]. Its the reason why, we have considered in this section several scenarios of slope compensation by
means of additional lumped negative-slope modules [13,31].
Fig. 8a shows the maximum transmission distance (Q > 6) of the
optimum D = ±3-ps/km nm, 60-sections, Popt = 5.5-dBm, S = 0.07ps/km nm2 and S = 0.035-ps/km nm2 DDM system for an in-line
slope management with ﬁber sections of opposite slope (scenario
1), for an end-line compensation by means of a module localized
at the ampliﬁcation site which compensates for the total third-order chromatic dispersion (TOD) (scenario 4), for the same module
localized in the middle of the line (scenario 3) and for two modules
which compensates for half of the third-order dispersion localized
at 1/3 and 2/3 of the line (scenario 2). For these simulations, the
module has been supposed to be lossless. We can see in Fig. 8a that
the transmission distance is largely reduced without an in-line
slope compensation (1600 km for scenario 4 vs. 2700 km) even
with a weak slope value of S = 0.035 ps/km nm2. As shown in
Fig. 8b, which illustrates the eye-diagrams of the 160-Gbit/s signal
after 1000 km of propagation for the 4 different scenarios, this

Fig. 7. (a) Typical segment of the ±3 ps/km nm 60-sections DDM line degraded by a 24% random variation of the dispersion and (b) Q-factor as a function of distance for
different dispersion variation amplitudes and for an average power of 5.5 dBm.
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Fig. 8. (a) Maximum transmission distance for the D = ±3 ps/km nm, 60-sections, 5.5-dBm DDM line for the four different slope compensation scenarios. (b) Eye-diagrams of
the 160-Gbit/s signal after 1000 km of propagation for the four different slope compensation scenarios and for an average power of 5.5 dBm.

behavior is largely due to severe asymmetric distortions undergone by pulses during the propagation and that, even for a linear
perfect slope compensation. This phenomenon was already observed in Ref. [31] and could be explained by the fact that pulses
propagate on numbers of TOD length Ld3 [24]

Ld3 ¼

FWHM30
1:6653 jb3 j

:

ð12Þ

Typically, pulses propagate on more than 8 Ld3 with a 0.07-ps/
km nm2 dispersion slope in a 50-km span and thus undergone large
asymmetries which increase nonlinear interactions between neighboring pulses. These asymmetries modify the pulse spectrum
through self-phase modulation and tend to increase the dispersion
slope effect compare to a linear propagation regime which consequently, changing the amount of TOD to be compensated. These
observations underline the practical issue of slope compensation
in presence of nonlinear effects.
Meanwhile, despite the increase of nonlinear interactions between adjacent pulses due to pulse asymmetry, we have found
by including the third-order dispersion in relations (3) and by integrating the instantaneous frequency shift dDf on the whole span of
ampliﬁcation Za that scenario slope compensation does not affect
the choice of the optimum ﬁber line. In order to clarify this point,
we have plotted in Fig. 9a the total instantaneous frequency shift
as a function of the number of ﬁber sections contained in the
D = ±3 ps/km nm ﬁber line for an end-line slope compensation scenario. We can see that for S = 0.035 or 0.07 ps/km nm2, the optimum number of ﬁber sections Nopt is still around 60 as found in
Fig. 4a for an in-line slope compensation. We have then veriﬁed
this theoretical prediction by numerical simulations. Fig. 9b shows

the maximum transmission distance (Q > 6) as a function of the
number of ﬁber sections for the D = ±3 ps/km nm, S = 0.07 ps/
km nm2 ﬁber line with an end-line slope compensation (scenario
4) and for an input average power of 5.5 dBm. These numerical results are in agreement with theoretical predictions of Fig. 9a. Even
if the maximum transmission distance is dramatically reduced
compare to in-line slope compensation (1600–2700 km), the maximum transmission distance is still obtained for 60 segments of ﬁber. This point is interesting for the ﬁber designer who is free to
take into account the third-order chromatic dispersion for the design of the line and keep a degree of freedom for the choice of the
slope compensation scenario.
5. Inﬂuence of optical losses
As mention in Ref. [17], manufacturing a dense dispersion cable
by means of an outer diameter variation of the drawing ﬁber or
thanks to an assembly of preform canes, could lead to additional
losses at section junctions. In another hand, since it seems complicated to draw a DDM ﬁber including both second- and third-order
dispersion compensation, one could prefer designing a DDM line
simply by splicing a couple of ﬁbers with suitable and well-known
parameters [12,13]. In both cases, it is then interesting to study the
inﬂuence of junction losses on the optimum dispersion map. Even
if we can add the local losses of the system in the model described
in Section 1, it seems difﬁcult to compare the different dispersion
maps as a function of the number of ﬁber sections because the
optimum average power will increase with the total losses of the
system. In this context and in order to give an overview of the different parameters inﬂuencing the system performances, we have

Fig. 9. (a) Instantaneous frequency shift as a function of the number of ﬁber sections in the D = ±3 ps/km nm line for a end-line slope compensation conﬁguration. (b)
Maximum transmission distance as a function of the number of ﬁber sections in the D = ±3 ps/km nm, S = 0.07 ps/km nm2 DDM line for a end-line slope compensation
conﬁguration and for an average power of 5.5 dBm.
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Fig. 10. (a) Performance-map of the D = ±3 ps/km nm, S = ±0.07 ps/km nm2 DDM line including 0.1 dB losses at ﬁber junctions as a function of number of ﬁber sections and
average power; the dashed-line corresponds to a linear ﬁt of the optimum average power. (b) Instantaneous frequency shift as a function of the number of ﬁber sections in the
D = ±3 ps/km nm, S = ±0.07 ps/km nm2 DDM line including 0.1 dB losses at ﬁber junctions and for an average power given by the linear ﬁt of Fig. 10a.

Fig. 11. (a) Q-factor as a function of distance for different PMD values of the D = ±3 ps/km nm, S = ±0.07 ps/km nm2, 5.5-dBm, 60-sections DDM line. (b) Corresponding Qpenalty after 1000 km of propagation as a function of PMD.

ﬁrst completed a performance-map of the D = ±3 ps/km nm,
S = ±0.07 ps/km nm2 ﬁber line where we have included a 0.1-dB
loss at each ﬁber junction. Results are plotted in Fig. 10a and show
that, compared to Fig. 3a (without junction loss), the area in which
the performances of the system are maximized is largely reduced
and slightly shifted towards the lower number of ﬁber sections.
The maximum transmission distance is reduced to 1600 km (vs.
2700 km in the lossless junction case) and was still obtained as
in Fig. 3a for Nopt = 60 (L1  L2  830 m) and for an average power
of 9 dBm, meaning that the junction losses are not critical for the
design of the line and thus could be neglected during the conception process. Then, in order to take into account the increase of
average power in our model, we have realized a linear ﬁt of the
optimum average power as a function of the number of ﬁber
sections contained in the line. The resulting ﬁt is plotted on
Fig. 10a in dashed-line. We have included in equation (5) the junction losses and corresponding optimum average power and integrating the instantaneous frequency shift dDf on the whole span
of ampliﬁcation Za. Results are illustrated in Fig. 10b. The shape
of the curve is quite different than in Figs. 2 and 9a and can be explained by the exponential increase of the peak power as a function
of the number of ﬁber sections due to the host of ﬁber section
losses. However, if we exclude the ﬁrst part of the curve where
IFWM, which is not taking into account, is the nonlinear limiting
effect, we can observe that the minimum of interaction is obtained
around 50 ﬁber sections in agreement with the numerical results
of Fig. 10a and not so far from the lossless junction case described
in Figs. 2 and 9a.

6. Inﬂuence of polarization mode dispersion
In this last section, we have focused our attention on the inﬂuence of the polarization–mode–dispersion (PMD) on the DDM system performances. It is now well-known that at bit rates higher
than 40 Gbit/s, PMD emerges as a key limitation in already installed optical ﬁber transmission systems [32] due to large pulse
distortion and broadening [33,34] and thus should be one of the
key parameter for future generation of ﬁbers. In this context, we
have studied the inﬂuence of the amount of PMD on the performances of the optimum D = ±3 ps/km nm, S = ±0.07 ps/km nm2,
60-sections, 5.5-dBm DDM line. In our simulations, PMD was modeled using the standard coarse-step method based on the numerical integration of two coupled nonlinear Schrödinger equations in
randomly varying birefringent short ﬁber sections [33,34]. Note
that in order to take into account for the stochastic feature of the
PMD effect, each point was obtained by averaging the Q-factor over
100 realizations.
Fig. 11a shows the evolution of the Q-factor as a function of
propagation distance for several values of the line PMD. Dramatically, we found that the transmission distance, compare to the 0PMD line, is divided by more than 2 and 3 for reasonable prototype
ﬁber values of 0.1 ps/km1/2 and 0.15 ps/km1/2. Indeed, the Q-factor
penalty, represented in Fig. 11b, reaches almost 3 and 6 dB after
only 1000 km of propagation. We can conclude that the PMD of
the DDM ﬁber has to be less than 0.05 ps/km1/2 to prevent any dramatic degradation or has to be compensated to keep its beneﬁts
compared to a classical SMF/DCF map.
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7. Conclusion
In this work, we have established and demonstrated some analytical and practical simple rules for the design of single-channel
ultra-high speed (>160-Gbit/s) telecommunication systems based
on special dense dispersion management drawn ﬁber. We have
also numerically studied some of practical implementation issues
such as the slope compensation scenario, the inﬂuence of
dispersion ﬂuctuations along the line, the junction losses and
polarization mode dispersion. We have found that the slope compensation scenario and junction losses could be neglected for the
design of the line, that moderate random chromatic dispersion
ﬂuctuations do not provide any signal degradation and that polarization mode dispersion will be a key parameter during the drawing process. Finally, following our rules, the ideal 160-Gbit/s DDM
line would have a number of ﬁber sections which chromatic dispersion provides a maximum pulse broadening of 0.55 times the
bit slot, a third-order dispersion compensation with ﬁber section
of opposite slope is recommended and the PMD must be kept
below 0.05 ps/km1/2 to allow transmission distances larger than
2000 km.
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