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Abstract— In this paper we numerically investigate the effect of theoretical and numerical studies so far have considereat a fl
dispersion slope of the highly nonlinear fibre on the performance  dispersion slope for the HNLF used in the regenerator. Is thi
of Self Phase Modulation based 2R-optical regenerators. Qu paper we will observe in detail the effect of varying disens

numerical study shows that the dispersion slope has a sigrifint
impact on the shape of the transfer function of the regenerar. slope of the HNLF on the performance of the regenerator.

The dispersion slope can therefore be used together with the I
dispersion value and the filter offset as an additional parareter to

control the performance of the regenerator. It is also showrthat The setup considered in our numerical study is that of a
a high dispersion slope can be beneficial in increasing the ergy  typical Mamyshev regenerator and is shown in Figure 1(a)
yield of the regenerator by a maximum of 23%. Dispersion slop below.

is also helpful in reducing the effect of pulse-to-pulse oviapping ’

in high bit-rate systems. HNLF

. REGENERATION SETUP

Optical passband filter A2
. INTRODUCTION ASE rejection

filter

Among the various fibre-based regenerators that have been
proposed for 2R all-optical signal regeneration, the org pr'™»" s M) o
posed by Mamyshev [1] is most researched because of its
simplicity and effectiveness. The Mamyshev regenerates us
Self Phase Modulation (SPM) to induce spectral broadening o
the incoming signal and the broadened spectrum is therefilter
at an offset wavelength to obtain a reshaped and re-amplified @
signal. It has been shown in [2] that this setup is very useful
providing efficient BER improvement in the case of ON-OFF
Keying (OOK) signal transmission. Use of the regenerattin wi
Phase Shift Keyed (PSK) transmission systems has also beel
investigated in [3] and [4]. In [3], the Mamyshev regeneréo
used to perform 3R All-Optical regeneration on DPSK signals
at 40 Gbit/s. The DPSK signal is first demodulated to OOK
signal by a delay interferometer. The OOK signal is then
amplitude regenerated using the Mamyshev regeneratoikKDPS
signal is again achieved by phase modulating a local optical
clock signal with the regenerated OOK signal. Using this
approach, it has been shown in [3] that apart from amplitude
regeneration, significant phase regeneration is also \athie A
Based on similar technique, All-Optical regeneration of-RZ (I 0 mpuweé‘sgg _— 0 e 0
DQPSK signal at 160 Gbit/s (80 Gsymbols/s) has been shown
in [4]. Much of the research done on the physical structure of _ _ (b)
the regenerator has focussed on the properties of the higgﬁ’ralﬁsfg)fﬁﬁzﬁé?gtlgt?t;ﬁ&mg;lv'\;g/%s?ﬁg ﬁﬁggeg?tﬁr,@]ghree types
nonlinear fibre (HNLF) to obtain optimum performance from
the regenerator [5], [6], [7] and [8]. References [9] and][10 The input signal consists of 10GHz Gaussian pulses having
present generalized scaling rules which can be used torobtaipulse width of 6ps. The signal is first amplified through
optimum regeneration performance out of HNLFs with knowan erbium-doped fibre amplifier (EDFA), passed through an
parameters. These rules are presented in the form of a gon@mmplified spontaneous emission (ASE) rejection filter hgvin
map that relates the values of different physical parammeter bandwidth of 1 nm and is then spectrally broadened by
of the HNLF and input signal to the output that is expecteaktion of SPM in a HNLF which exhibits normal dispersion (-
from the regenerator. In [11], the possibility of using mult 1.7 ps.nnt!.km~!) at the signal wavelength of 1545nm. The
segmented fibre assemblies has been studied. However,attbnuation of the HNLF is 2.1dB/km and its nonlinearity
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coefficient is 18 W'.km~!. Initially we have assumed a

dispersion slope value of 0.023 ps.nftkm~!, which is o

considered typical for commercial germanium-doped HNLFs.  o&

This value is varied in the studies presented in the follgwin 07

stages of the paper. Signhal regeneration is achieved bgnacti og- oot <05
Monotonous (L = 1.4 km)

@ 05+

of an optical band-pass filter which is placed immediatetgraf g
the HNLF and carves into the broadened spectrum at an offset EM
wavelength relative to that of the input signal (in our cdse t
filter position is at a shorter wavelength relative to thetrn
wavelength of the input signal and 3nm away from it). The
filter has a Gaussian response and a 3-dB bandwidth of 0.57nm o
which ensures that the pulses at the output have a similahwid
to those at the input.

As described in [9], depending upon the physical parameters @)
of the regenerator and the spectral position of the filteg, th o,
transfer function (TF) shape will vary and can be classified
into three main types. Figure 1(b) shows the three types of TF
which include a TF having a non-monotonous shape, another
with a locally flat region which is considered optimum for
regeneration, and finally one with a monotonous response.
These TFs have been obtained by varying the length of the
HNLF while keeping the rest of the parameters of the fibre y e moncioras <06k
unchanged. The lengths of HNLF used to obtain the non- Monotonous (= 1.4 )
monotonous, locally flat and monotonous transfer functions | "
are 0.6 km, 1 km and 1.4 km respectively. In the next section,
we discuss how a change in dispersion slope of the HNLF
will vary the behaviour of the regenerator. (b)
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It can be seen from Figure 1(b) that the TF having a plateau
region gives better compression of amplitude fluctuatioms o
ones when the operating point is chosen at the middle of
the plateau region. In order to observe how the signals after
the HNLF for the three types of transfer functions shown in
Figure 1(b) above look like, we have plotted the spectral and o1
temporal shape of the signals after the HNLF as shown in i
Figure 2(a) and Figure 2(b) below. o - L e )

The input average power used to obtain the plots in Fig- e o
ure 2(a) and 2(b) is 0.18 W which corresponds to the power ©
at the middle of the plateau of the TF obtained with the 1-  «f N
km long HNLF (see Figure 1(b)). It can be observed from . :
Figure 2(a) and 2(b) that the temporal and spectral plo&s aft
the HNLF are slightly asymmetric. It will be shown later that
this asymmetry is due to the small value of dispersion slope
that we have used [12]. Also it can be noticed from Figure 2(b)
that the spectral plots get flatter as we move from 0.6 km to £,
1.4 km. This flatness of the spectral top is responsible fer th
three types of transfer functions that are obtained from the
regenerator [9] and [10]. We now observe how the spectral
and temporal plots change when the dispersion slope of the — j——=ox ¥y L = s -~
HNLF is varied. The dispersion slope is varied by keeping the oo o
dispersion parameter constant at the signal wavelengtte whi C)
varying the rate of change of dispersion with the wavelengtfy 2. (a) Temporal and (b) spectral plot of signals afterLifNor the three
In Figure 2(c) and 2(d) we have plotted the temporal andFs shown in Figure 1(b). (c) Temporal and (d) spectral pfaignals after
spectral profiles of pulses at the output of the HNLF by vagyin?NLF with varying dispersion slope.
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its dispersion slope between 0 and 0.3ps:Akm™~'. It should [1=02x .
be noted that these values of dispersion slope are rathbr hig  *{ ' ; S )
when considering step-index fibres but become relevant in a e

the case of silica holey fibres, where it has been shown that
appropriate control of the hole size and pitch can resubiigd
values of dispersion slope, while maintaining a relativgiyh
effective nonlinearity coefficient [13].

The input signal parameters used for the plots in Figure 2(c)
and 2(d) are the same as those used in Figure 2(a) and 2(b)
however, the length of HNLF is maintained in these cases at 7
0.6 km. As expected, an increase in the dispersion slope give
rise to an asymmetry in the power distribution of the broadien
spectrum [12]. In addition, as the magnitude of dispersion (@)
slope increases, the side of the spectrum that corresponds t 1y |
lower power components (longer wavelengths in Figure 2(d))
has more pronounced spectral lobes, whereas the spebieal lo
on the opposite side (shorter wavelengths in Figure 2(d))
become less pronounced. This behaviour can be paralleled to
the effect of changing the length of the HNLF as was shown
in Figure 2(b), where the spectral lobes of the broadened
spectrum become flatter as the length of HNLF is increased.
The two effects are in fact related and result from the larger
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value of net dispersion at the wavelengths of observation. 7 —os ot i i
Therefore by keeping rest of the parameters of the regemerat i v l
constant, a variation in the dispersion slope of the HNLF i —% 100 5 0 = e
should allow us to change the shape of the TF. It is worth o

mentioning here that similar conclusions can be drawn for ()

L=14km

dispersion slope values of sign opposite to the one used in
Figure 2(c) and 2(d). The only difference in that case would

be the asymmetry of the spectrum, which will now be opposite

to that shown in Figure 2(b). In the next section we observe
how this change in the dispersion slope affects the transfer
functions of the regenerator shown in Figure 1(b) above.
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A. Effect on non-monotonous transfer function

AN

As shown in Figure 1(b), we obtain a non-monotonous TF
when the HNLF has a length of 0.6 km, a dispersion of - e
1.7ps.nnt!.km~! at the signal wavelength and a dispersion / ‘ ‘ ‘ ‘
slope of 0.023 ps.nm?.km~!. Figure 3(a) below shows how 0 ® e poner o) a0 0
the shape of the non-monotonous TF will vary with variation ©
in the magnitude of dispersion slope.

In the plots shown in Figure 3(a), we increase the dispel’—Fig' 3. Effect of varying dispersion slopes on the three sypeTFs.
sion slope towards negative values. Therefore as discussed

previously, this increase in the magnitude of dispersiopesl .
will restrict the extent of spectral broadening on the lond@Wards a monotonous type and therefore the suppression of

wavelength side of the spectrum, thus making the spectPilES becomes worse. In Figure 3(a) the operating point on
lobes flatter on that side. This in effect, tends to flatten tf{Be TFS that gives minimum variation in the output signal for

TF when the filter offset remains constant. Note that we foc@sVariation in the input power of ones is also indicated. The
on the top part of the transfer curve that is concerned wilPut Power at these operating points is called the nominal
equalisation of ones, since a change in dispersion slopetis [iPut average power in the remainder of the paper.

expected to have a significant effect on the suppression of
the zeros. From Figure 3(a) it can be seen that the amplitu%e
equalisation of ones improves with increasing the mageitud Next we consider the TF which has a plateau region. For
of dispersion slope, until the value of 0.17 psmhkm~! the HNLF we have considered in our simulations, this occurs
for which the TF exhibits a plateau region. With a furtheat a length of 1 km (Figure 1(b)). Figure 3(b) shows the
increase in the magnitude of dispersion slope, the TF mowffect of different values of dispersion slope on the shafpe o

Effect on transfer function having a locally flat region



this type of TF. It can be observed from the figure that as ’ L-osn)
we increase the magnitude of the dispersion slope, the TF os=t=1im ]
becomes either monotonous or non-monotonous, depending
upon the sign of the dispersion slope. The reason for this
variation in the transfer function is due to the variatiorthie 005 ]
shape of the broadened spectrum as mentioned earlier. Sincz | |
the output offset filter is placed at the shorter wavelength s ¢

of the broadened spectrum, an increase in the magnitude of o4 8
the dispersion slope flattens the spectral lobes on theeshort A |
wavelength side, an effect similar to increasing the lerafth /

the HNLF. Therefore the transfer curve moves towards the oo ]
monotonous type. The opposite happens when the dispersior ‘ ‘ ‘ ‘ ‘ ‘

slope is increased towards negative values. o B C O Dgpetonsope sz D o 0%

0.055- B

e

. Fig. 4. Energy yield at nominal input average power as a fancof the
C. Effect on monotonous transfer function dispersion slope.
~ We obtain a monotonous TF when the HNLF considered \; RepycTioN IN PULSE-TO-PULSE OVERLAPPING
in the simulations of Figure 1(b) has a length of 1.4 km. . . L L
The effect of varying the magnitude of the dispersion slope S discussed in [9] and [14], chromatic dispersion induced
in this TF is shown in Figure 3(c). It can be observed frorﬂmse broadenlng.|n5|de the HNLF causes the pulse to_broaden
the figure that the monotonous TF tends towards the one withan extent that it °Ve”aF?S with the adjagent pulse trm@ll_
a plateau region as the value of dispersion slope increas@g,ng the fibre. We call this overlap of adjgcent pgls_es msid
whereas a further increase in the magnitude of the dispersi€ régenerator as pulse-to-pulse overlapping and it isieceo
slope gives rise to a non-monotonic TF. For this to happ&@h a@mplitude jitter at the output of the regenerator. The
of course, the sign of dispersion slope needs to be Oppog{gplltude Jlttgr increases with an increase in .the.blt rdte 0
to that applied previously for the non-monotonous TF (Sége system since the pulses become closer in time. It will
Figure 3(a)). The simulations shown in Figure 3 demonstrai§ shown in this section that thg effect of pulse-to—pulse
that it is important to consider the effects of the disperrsiooverl""pp'ng can be_ reduced by suna_bly choosing the HN_LF
slope in the system behaviour when HNLFs with a dispersidf’dth and dispersion slope. For this purpose we consider

slope of a considerable magnitude are considered as cae bt WO transfer curves having a plateau region as shown
case of certain small-core holey fibre designs. This is tueme N Figure 3(a) and 3(b). These TFs are obtained by using
NLFs of length 1 km and 0.6 km having dispersion slopes

for a wavelength offset of 3nm as is the case in the numeridd PR P .
simulations considered in this work. of 0.023 ps.nm=.km a_md 0.17 ps.nm .km .respectlvely. .
We choose these TFs since they provide maximum suppression
IV. EFEECT ON ENERGY YIELD of output power for a variation in the input power when
operated at the nominal input power level. It can be observed
As discussed earlier, when the value of dispersion slopgm Figure 3(a) and 3(b) that the TF obtained for a high
is high, the spectral density of the nonlinearly generatg@jue of dispersion slope requires more power to operate at
frequency components on the two sides of the spectrum abgi# plateau region as compared to the transfer curve obttaine
the central wavelength is not equal. This effect is benéfigia for a low value of dispersion slope. On the other hand, the
the case of a relatively short HNLF which exhibits a locallgnergy yield of a regenerator based on a HNLF with a high
flat TF by virtue of a high dispersion slope (as shown iajue of dispersion slope is higher than that obtained when
Figure 3(a) above). This regenerator will exhibit an insegh 3 |ow dispersion slope HNLF is used. Since pulse-to-pulse
energy yield, since the filter is placed on the high-powee sigverlapping occurs inside the HNLF, we consider the pulse
of the spectrum. Note that the energy yield is defined as tigiths of the signals at the output of the HNLFs used to
ratio of the power at the output of the filter to the powegptain the transfer curves shown in Figure 3(a) and 3(b) @bov
at the input of the HNLF [9]. In contrast, a relatively longrigure 5 below shows the variation in the pulse widths at the
HNLF with a high value of dispersion slope may exhibibutput of the two HNLFs, plotted against a 20% variation from
a |0C3.||y flat TF if the filter sits on the Iow—power part Ofthe nominal input peak power. In pu|se-to_pu|5e over]agpin
the spectrum and the energy yield of the regenerator Willis the wings of the pulses that play a predominant role.
therefore decrease. Figure 4 below summarises these fdimgierefore their extent is of interest in this study. For this
by showing the variation in energy yield at nominal inputeason, we have chosen to plot the full pulse widths at 10%
average power versus dispersion slope for the TFs shownfigm the maximum in Figure 5, instead of full widths at half
Figure 3 above. The range of values used in Figure 4 affaximum. Also the peak powers are normalised with respect
chosen in order to observe the effect of varying the sign agsl the nominal input peak power (which is different for the
magnitude of dispersion slope on the energy yield of theethrgyo cases examined see Figure 3). For reference, Figure 5
types of transfer functions shown in Figure 3 above. also shows the bit duration for a 40 Gbit/s signal in order to
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observe how pulse-to-pulse overlapping would affect aaign o)
at this repetition rate (it is noted that the 6-ps pulses iciemed
in this work are highly suitable for 40Gbit/s RZ systems)[.lo]
It can be observed from the figure that the pulse widths at
the output of the HNLF exhibiting a high dispersion slop&1]
are significantly shorter than the corresponding of a HNLF
with a low dispersion slope. Concluding, the effect of pulsgi2]
to-pulse overlapping for a regenerator using a short length
high dispersion slope HNLF will be less severe than for a
regenerator based on a longer length HNLF exhibiting a lows)
dispersion slope.

VI. CONCLUSIONS

We have presented a numerical study on the effect 8t
the dispersion slope of an HNLF on the performance of a
Mamyshev-type 2R regenerator. Our study reveals that with a
change in the dispersion slope, the broadened spectrum afte
the HNLF becomes asymmetric and is accompanied by less
pronounced spectral lobes on the side of the spectrum éxhibi
ing a higher spectral density, while the opposite happens on
the side corresponding to lower intensity spectral comptme
Depending on which side of the broadened spectrum the offset
filter is placed at the output of the regenerator, the asymymet
changes the shape of the transfer function. Therefore HNLFs
with similar optical properties at the wavelength of opierat
apart from the value of their dispersion slope yield marked|
distinct regeneration performance. Also it should be ndibed
the shape of the transfer function can be varied by varying
the offset wavelength of the output filter [9]. This property
can be used to tune the performance characteristics of the
regenerator if a fibre with the ideal values of dispersiomoan
be made available. Some of the advantages of employing
a high dispersion slope fibre in the regenerator include a
higher energy yield and a higher resilience to pulse-te@ul
overlapping at high bit rates. Although the values of disjmer
slopes used in our study are relatively high, such values are
relevant in certain small-core silica holey fibre desigr3][1
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