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This paper presents a scheme to enhance the performance of an ultrahigh capacity
(100 Gb/s) long haul transmission system that makes use of chirped fibre Bragg
gratings (FBG) for dispersion slope compensation. It is shown that the FBG
effectively compensate the dispersion slope while at the same time providing
appropriate in-line filtering. The penalty to the system performance due to
unwanted group delay ripple is also discussed.

1. Introduction

Wavelength division multiplexing (WDM) allows the design of optical transmission
systems with aggregate capacities exceeding 1 Tbit/s over transoceanic distances [1].
The use of higher bit rates for single channel propagation is of interest in dense
WDM systems, since the same total capacity of the link can be achieved with a
reduction of the total bandwidth used. Moreover, single channel ultrahigh capacities
in shorter distances (~1000 km) are of interest for some specific applications.

As pointed out in [2], dispersion slope is particularly troublesome when
increasing the bit rate of the system. The dispersion length associated with third
order dispersion length scales as ~ T, where B=T"" is the bit rate of the system.
Thus, an increase from 10 Gb/s to 100 Gb/s reduces the dispersion length by a factor
of 100.

Since chirped fibre Bragg gratings (FBG) were first proposed as dispersion
compensators [3], optical fibre links with longer lengths and higher capacity that
make use of chirped FBG for dispersion compensation have been demonstrated
[4, 5]. FBGs are an effective solution for dispersion compensation, especially because
of the absence of nonlinear effects. Chirped FBG can also be used to compensate
third-order dispersion [6-9], as well as more complex dispersion compensation
profiles with very low values of group delay ripple (GDR) [10].

Here, we consider a scheme for dispersion slope compensation of ultrahigh
capacity (100 Gb/s) long haul single channel systems that make use of in-line chirped
FBGs for dispersion slope compensation. Chirped FBGs for pure dispersion slope
compensation are of interest here, since the second-order chromatic dispersion will
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be compensated with an appropriately designed dispersion map. An ultrahigh bit
rate (100 Gb/s) system that makes use of FBG to compensate dispersion has been
demonstrated in a 77km long optical fibre system [11]. On the other hand,
a 16 x 10 Gb/s system with in-line gratings for dispersion compensation has also
been demonstrated [4]. When going to higher single channel bit rates and higher
distances, as considered in this paper, one should make use of carefully designed
dispersion compensation schemes in order to avoid unacceptable degradation of the
eye opening. We propose a new dispersion compensation scheme that makes use of
a combination of properly designed dispersion maps for second-order dispersion
compensation, and a properly designed FBG to compensate for dispersion slope;
it allows the design of optical fibre systems with very high single-channel capacity
over long distances. We also consider the limitations imposed on the performance
of the system due to the presence of unwanted group delay ripple (GDR), due to
systematic and random errors produced in the chirped FBG during the fabrica-
tion process. In long distance (> 1000 km) optical fibre systems, GDR can severely
degrade system performance, so that it is of great interest to determine the amount
of GDR that can be tolerated in the fabrication process of a FBG. Recently,
several techniques have been developed to reduce the amount of GDR, reducing
significantly the penalty imposed on system performance [12—14].

2. Description of the system

Here we consider the 100 Gb/s single channel (4 =1.55pum) system discussed in [2].
The modulation format is return-to-zero (RZ), where the RZ pulses have a raised
cosine shape, i.e. u(t) = /Po/4[1 + cos(2nt/T)], where t is time, P, is peak power
and T'=10ps, which corresponds to a bit rate B=100Gb/s. The dispersion map
is designed to minimize the deleterious effects of chromatic dispersion and non-
linearities in the fibre. It makes use of two types of fibre: spans with normal
dispersion (D =—0.3 ps/nm/km at 1550 nm) and spans with anomalous dispersion
(D=0.3ps/nm/km at 1550 nm). Each section of the system is composed of 10 km
of fibre with anomalous dispersion, sandwiched between two spans of 5km with
normal dispersion. The attenuation is « =0.2dB/km. The evolution of the light
pulses in each section is described by two coupled nonlinear Schrédinger equations
[15, 16]:
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where 4, and A, are the slow varying amplitudes of the field along the x and y axes,
associated to each linear polarization respectively; B, is the inverse group velocity,
B> is the group velocity dispersion, which is related to the second-order dispersion



Compensation of third-order dispersion ultra high capacity transmission 1199

parameter D by B, = —2>D/(27¢), B is the third order dispersion parameter, which
is related to the slope dispersion parameter S by f;=—i*S /(27c)*. The depen-
dence of the dispersion of the fibre as a function of the wavelength is given by
D =S-(A—4¢)+ D(4p). We consider a value of the dispersion slope parameter of
S=0.1 ps/nm?/km, which for the modulation format considered here and a peak
power of Po=1mW, clearly produces an eye diagram that is not acceptable [2].
The nonlinear coefficient is y=w-ny/Acrc. The nonlinear Kerr coefficient
n,=2.6 x 1072 m?/W is the same for both types of fibres and the effective area of
the fibres is Aqr=55um>. In order to take into account the penalty to the system
performance of polarization mode dispersion (PMD), we assume that the fast and
slow axis randomly rotates along the fibre at intervals z,, while at the same time a
random phase factor between both polarizations is added [17]. The PMD parameter
is given by [18] D, = \/8/37n(An/c)/zn, where ¢ is the light velocity, the polarization
beat length is Lg =33 m and the fibre correlation length is z;, = 100 m.

At the end of each section, the optical signal is amplified and filtered, with optical
in-line fourth-order Bessel filters with 1200 GHz bandwidth (FWHM, full width half
maximum), since in-line filtering can enhance the performance of the system [19].
When the filter response function is expanded in a Taylor series, one can substitute
equation (1) by a simplified propagation equation that takes into account the effect
of in-line filtering [20]. Notwithstanding, in this paper we always consider the full
response of the filters. The excess noise factor of the amplifiers is ng,=1.5. On the
receiver end, the signal field is detected by means of a photodiode, mathematically
described by a square law device, followed by electrical low-pass filtering with
a fifth-order Bessel filter with 85 GHz bandwidth (FWHM).

To solve equation (1), we make use of a standard FFT split-step method. An
appropriate amount of Gaussian noise is added to each component of the Fourier
spectrum of the optical signal at each amplifier [21] to simulate the effect of
spontaneous emission of the EDFA.

In figure 1(a) we show the eye diagram of the received signal after propagating
2000 km when the dispersion slope is negligible (S=0). Figure 1(b) shows the eye
diagram for § = 0.1 ps/nm?/km. One observes that for this value of the dispersion slope
parameter, the performance of the system highly degrades. Thus a dispersion slope
compensation scheme is required to enhance the performance of the optical system.

In order to compensate for the detrimental effect on system performance of
dispersion slope compensation, we consider the introduction of in-line FBG for
dispersion slope compensation. The refractive index of a FBG presents a modulation
that can be written as [22] n(z) =no + Any(z)cos(2Koz 4 6(z)) where ny is the average
effective refractive index of the grating core, An, is the local grating strength
(apodization), Ky=m/A is the wave number at the design wavelength, A is the
nominal period of the refractive index change and 6(z) = C»/6 - z° + C,/2 - z* describes
the grating chirp. The properties of the FBG can be obtained with the help of
coupled mode theory [22, 23], where one obtains two equations for the forward
propagating wave U and the backward propagating wave V:
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Figure 1. Eye diagram of the electrical signal after propagating 2000 km. In (a) the
dispersion slope is considered negligible (S=0ps/nm*/km) and in (b) the dispersion slope
coefficient is S=0.1ps/nm?/km. In both cases, five realizations with 64 bits each are
represented. The PMD parameter is D, =0.05 ps/km'/.
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where A =(w—wg)/wy 1s the normalized detuning, wo=2mc/ly 1is the
central frequency, w is the frequency and the coupling coefficient « is given by
k(z) = ko - f(z). The constant ko= - én/249ng is the maximum coupling coefficient, dn
is the refractive index change, n, is the mean refractive index of the grating and f(z)
is an hyperbolic tangent apodization profile [22, 23], which is characterized by
a measure of the sharpness of the grating edges (a) and the length of the grating (L).
This function has been shown to give better performance than other apodization
functions. In all cases, we will consider the full spectral response of the FBG.

For a spacing of the FBG of 200 km, they should compensate a dispersion slope
given by the product S-L=20ps/nm? and not to introduce any extra dispersion
compensation. This can be achieved by using a combination of two chirped FBG
with opposite chirps [7]. If we fix the parameters C; =10cm ™2 and C, =0.015cm >,
one can achieve the required dispersion slope compensation for a grating with a
length L =32cm over a bandwidth of ~2.8nm. Figures 2(«) and 2(b) show the
spectral response of one individual grating and of the combination of the two
gratings with opposite values of the chirp profile, respectively. While the dispersion
compensation of both FBG cancelled, each one compensates exactly half of the total
amount of dispersion slope.

In figure 3 we plot the eye diagram when dispersion slope compensation provided
by the chirped FBG is considered. For the sake of comparison, figure 3(a) shows
the back-to-back eye diagram, when only the noise of the amplifiers is considered.
Figure 3(b) shows that the FBG effectively enhance the performance of the system
by compensating the dispersion slope introduced by the propagation. Since the
FBG also behaves as filters, the presence of the FBG can replace the necessity of
additional in-line filtering. The FBG gratings used have a bandwidth of 2.8 nm
and are spaced 200 km, while the Bessel optical filters have a bandwidth of nearly
10nm and are spaced 20 km apart. Moreover, the FBG has a flatter response near
the central wavelength.

3. Effect of group delay ripple

Group delay ripple can severely degrade the performance of the system [24].
This drawback is more severe when, as is the case considered here, several FBG
are concatenated. In order to evaluate the influence of grating imperfections on
the system performance, we add sinusoidal variations in the group delay profile of
the chirped FBG slope compensator. The GDR added to the group delay profile
is defined by [25] Atgsr = AGgpRr/2 - cos(wTGpr + Ogpr/) Where 1/Tgpr is the period
of the perturbation and Agpr is the peak-to-peak amplitude of the ripples.
To take into account the random behaviour of the GDR profile, the relative
phase of the GDR pattern of each pair of gratings, Ogpgr, is considered to be
uniformly distributed between 0 and 2.

We calculate the EOP for different periods and amplitudes of the ripples.
The EOP is defined as the ratio between the eye opening at the link output and
the eye opening of the back-to-back system [26]. In figure 4(a) we plot the EOP as
a function of the systems length for the case with Agpr = 1 ps and different periods
of the GDR.

Figure 4(b) shows the better and the worst EOP obtained from simulations
for gratings with ripple 1/7gpr =200GHz and Agpr=1ps, at a distance of
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Figure 2. Reflectivity and group delay of the FBG used for dispersion compensation slope

with measure of the sharpness a =4. (a) Response of each individual grating and (b) response
of two combined FBG with opposite chirp.
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Figure 3. Eye diagram of the electrical signal at the receiver. In (a) we show the back-to-
back eye diagram (only noise is considered) and in (b) when the FBG are used as dispersion
slope compensators; the Bessel in-line filters are removed. In both cases, five realizations with
64 bits each are represented. The PMD parameter is D, =0.05 ps/km'/?.
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Figure 4. Worst eye opening penalty in dB for different periods of the ripple with
Agpr=1ps at different fibre length. In the lower picture, better and worst cases are
represented for 2000 km. Five simulations for each period are considered. The solid line is
to help the eye.

L =2000km. We observe that the EOP is worst for periods comparable with the
bit rate of system [27]. For short periods the effect of GDR averages out, leading
to only a minor impact on the signal, whereas for long periods the GDR acts
as a perturbation of the nominal value of the slope compensation. Figure 5 shows
the worst eye diagram obtained for L =1000 km and L =2000 km. The EOP penalty
for the system with L =1000km is around 1dB.

4. Conclusions

We have shown that an in-line chirped FBG for dispersion slope compensation
can enhance the performance of ultrahigh capacity single channel optical transmis-
sion systems when system performance degradation is a result of the dispersion slope
introduced in the propagation. Moreover, we have considered the penalty intro-
duced in the system performance due to GDR. It has been shown that the maximum
length of the system is severely limited by group delay ripple of the gratings, which
would require further improvements in group delay correction systems, which is
currently an active line of research [13, 14]. FBG with a 1 ps peak-to-peak GDR
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Figure 5. Worst eye diagrams of the electrical signal with slope compensation module
with ripple Agpr=1ps and 1/Tgpr =200GHz: (a) after propagating 1000 km (b) after
propagating 2000 km.
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amplitude, can introduce a penalty of less than 1 dB in systems with a distance
shorter than 1000 km.
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