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Abstract
We study both theoretically and experimentally the inﬂuence of third-order dispersion on the temporal proﬁle
recovery induced by the Talbot eﬀect of a 160 GHz periodic pulse train in a standard optical ﬁber.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
It has been demonstrated that a periodic pulse
train propagating in the dispersion regime (dispersion length LD  nonlinear length LNL ) of a
dielectric medium such as an optical ﬁber, can
recover its initial shape at some distances in the
medium. This well-known phenomenon can be
seen as a temporal analogue of the spatial Talbot
eﬀect and has been reported in various media such
as single-mode optical ﬁbers [1], multimode ﬁbers
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[2] and even in Bose–Einstein condensates [3]. This
phenomenon has been successfully applied to
suppress the dispersion eﬀects in a pulsed ﬁber
laser by adjusting the cavity length to match a
multiple of the Talbot length [4]. The temporal
Talbot eﬀect has been also extensively studied for
multiplying the repetition rates of periodic pulse
trains (fractional Talbot eﬀect) [5–7]. An extension
of these studies to the case of periodic pulse trains
of ﬁnite duration has been carried out in [8].
However, all previous studies consider only the
case when high-order dispersion terms can be neglected. In other words, to our knowledge, only
second-order group-velocity dispersion was considered. This assumption is valid only when the
ﬁber length is much shorter than the third-order
dispersion length. In this work, we consider the
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many cases when both the second- and the thirdorder dispersion eﬀects cannot be neglected and we
study both theoretically and experimentally the
inﬂuence of third-order dispersion on the self-reshaping of a 160 GHz periodic pulse train in a
standard optical ﬁber.

2. Theory
The electrical ﬁeld of a linearly polarized light
beam propagating in a single-mode optical ﬁber
may be written as


Eðx; y; z; tÞ ¼ wðx; yÞ uðz; tÞ eðib0 zix0 tÞ þ c:c ;
ð1Þ
where c.c denotes complex conjugation, uðz; tÞ is
the slowly varying amplitude of the envelope, b0 is
the propagation constant at frequency x0 and
wðx; yÞ is the transverse ﬁeld distribution associated to the fundamental LP01 mode. By inserting
this expression into the MaxwellÕs equations, under the usual slowly varying ﬁeld envelope approximation, and neglecting nonlinear terms, one
obtains the linear partial diﬀerential equation describing the light propagation through the ﬁber [9]
ou
a
i o2 u 1 o3 u
¼  u  b2 2 þ b3 3 ;
oz
2
2 ot
6 ot

ð2Þ

where b2 and b3 are the second-and third-order
dispersion coeﬃcients, respectively. Hereafter, we
will neglect the parameter a which represents the
ﬁber losses. This assumption is valid since only the
pulse shape is considered here and not the absolute
magnitude of pulse intensity. Eq. (2) can be easily
solved by use of the Fourier-transform method
and the solution is given in the frequency domain
by
 

b
b
~
uðx; zÞ ¼ ~
uðx; 0Þ exp iz 2 x2 þ 3 x3 ;
ð3Þ
2
6
where x is the frequency detuning from the reference frequency x0 . If we now assume a periodic
initial pulse train with a temporal period of 2p=X,
the ﬁeld can be written as
X
~
uðx; 0Þ ¼
an dðx  nXÞ:
ð4Þ
n

By inserting this expression into Eq. (3), one ﬁnds
that the ﬁeld at any distance z is given by
 
X
b
2
~uðx; zÞ ¼
an exp iz 2 ðnXÞ
2
n

b3
3
þ ðnXÞ
dðx  nXÞ:
ð5Þ
6
Eq. (5) shows that the dispersive terms change the
phase of each spectral component an by an amount
that depends on the propagation distance z. It is
clear that the ﬁeld will be restored at certain distances L satisfying the following relation:


b2
b3
2
3
ðnXÞ þ ðnXÞ L ¼ ln 2p;
2
6
ln 2 N ; 8n:

ð6Þ

Eq. (6) is satisﬁed for all n when both terms of the
left-hand side are simultaneously multiple of 2p
for n ¼ 1, i.e. ðb2 =2ÞX2 L ¼ k2 2p and ðb3 =6ÞX3 L ¼
k3 2p. This condition leads to the deﬁnition of two
characteristic lengths
Lb2 ¼

4p
jb2 jX2

ð7Þ

12p
:
jb3 jX3

ð8Þ

and
Lb3 ¼

Lb2 is the usual Talbot length whereas Lb3 is the
distance at which the input pulse proﬁle is perfectly restored in the absence of second-order
group-velocity dispersion. When both the secondand the third-order dispersion terms are taken into
account, the pulse train recovers its initial shape if
the ﬁber length is a common multiple of Lb2 and
Lb3 , i.e. if there exits integer numbers k2 and k3
such as
L ¼ k2 Lb2 ¼ k3 Lb3 :

ð9Þ

In fact, the pulse train is also recovered if
L ¼ k2 Lb2 =2 ¼ k3 Lb3 =6 (k2 ; k3 2 N ) but with a temporal delay between the recovered and initial
trains. This condition is easily obtained by noting
that a temporal delay can be seen as a linear variation of the phase in the spectral domain. In order
to characterize the pulse sequence recovery, we
deﬁne the intercorrelation function between the
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and a normalized recovery coeﬃcient RðzÞ [10]
RðzÞ ¼

max½Iðz; sÞ
;
max½Ið0; sÞ

ð11Þ

where max½Iðz; sÞ is the maximum of the function I
for s 2 ½1 þ 1. This coeﬃcient is deﬁned in
such a way that RðzÞ ¼ 1 if the pulse train is exactly
recovered at the distance z. We emphasize that RðzÞ
is also equal to 1 when the pulse train is restored
with a temporal delay. This property is illustrated
by Fig. 1(a) which shows the recovery coeﬃcient
RðzÞ calculated from numerical integration of
Eq. (2) for X=2p ¼ 160 GHz and with parameters
of a standard single-mode ﬁber (SMF) at k ¼ 1550
nm: b2 ¼ 2:168  102 ps2 /m (D ¼ 17:02 ps/km/
nm) and b3 ¼ 1:2661  104 ps3 /m (S ¼ 0:056 ps/
km/nm2 ). With these parameters, one ﬁnds
Lb3 ¼ 293 km and Lb2 ¼ 575 m. Fig. 1(a) clearly
illustrates the two intrinsic periods of the systems,
i.e. Lb3 =6 ¼ 48:8 km and Lb2 =2 ¼ 287:5 m. Fig. 1(b)
is obtained for X=2p ¼ 160 GHz and with typical
parameters of a dispersion-shifted ﬁber (DSF) at
k ¼ 1550 nm: b2 ¼ 5:22  104 ps2 /m (D ¼ 0:41
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1.5

1.2
1
0.8
0.6
0.4
0.2
1.2
1
0.8
0.6
0.4
0.2

Lβ3/6

0

1

Lβ /2
2

(a)

0.5

50

100

150

(b)

Lβ3/6

ps/km/nm) and b3 ¼ 6:48  105 ps3 /m (S ¼ 0:039
ps/km/nm2 ). With these parameters, one ﬁnds
Lb3 ¼ 572 km and Lb2 ¼ 23:8 km.
It is now interesting to evaluate the dependence
of the pulse train recovery upon the repetition rate.
The dispersion-induced phase shift for the ﬁrst
harmonic (n ¼ 1) at the ﬁber output can be written
as


b2 2 b3 3
/1 ¼
X þ X L:
ð12Þ
2
6
From Eq. (12), and by considering the parameters
of a standard optical ﬁber at k ¼ 1550 nm, one can
easily ascertain that a deviation of 0.1 GHz of the
pulse train repetition rate leads to a phase deviation of about 2p=10. Such a deviation will induce
severe degradations in the pulse train shape as illustrated in Fig. 2(a), which shows the pulse train
intensity at the end of the ﬁber for X=2p ¼ 160:1,
160.01 and 160.001 GHz. The length of the ﬁber is
L ¼ Lb3 ¼ 511Lb2 . As can be seen in Fig. 2(a), the
Talbot process is very sensitive to any frequency
jitter of the pulse sequence and therefore one
cannot expect to observe experimentally this eﬀect
if the repetition rate of the optical pulse train is not
carefully controlled. However, one can see from
1 (a)

Intensity (Arb. Units)

initial sequence and the pulse train at some distance z as
Z 1
2
2
Iðz; sÞ ¼
juð0; tÞj  juðz; t  sÞj dt;
ð10Þ
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Fig. 1. Evolution of the recovery coeﬃcient RðzÞ with the distance. (a) Lb3 =6 ¼ 48:8 km and Lb2 =2 ¼ 287:5 m. The inset
represents a zoom around z ¼ Lb3 =6. (b) Lb3 =6 ¼ 95:3 km and
Lb2 =2 ¼ 11:9 km.
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Fig. 2. (a) Pulse train at the ﬁber output for X ¼ 160 GHz
(solid line), X ¼ 160:001 GHz (circles), X ¼ 160:01 GHz
(crosses) and X ¼ 160:1 GHz (dashed line). The ﬁber length is
L ¼ Lb3 ¼ 511Lb2 . (b) Pulse train at the ﬁber output for X ¼ 160
GHz (solid line), X ¼ 160:1 GHz (circles), X ¼ 161 GHz
(crosses). Dashed line: pulse train at the ﬁber input. The ﬁber
length is L ¼ Lb3 =6 ¼ 4Lb2 .
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Eq. (12) that the frequency tolerance can be increased by minimizing the value of b2 or/and by
minimizing the ﬁber length. In practice, the groupvelocity dispersion can be decreased by compensating the negative dispersion of the standard ﬁber
with a ﬁber with positive dispersion. The length of
the ﬁber can also be decreased by noting that the
pulse train is also recovered if L ¼ Lb3 =6 but with a
temporal delay between the recovered train and
the original train.
Therefore, in what follows, we consider the situation where the standard ﬁber with length L1 is
followed by a compensating ﬁber with length Lcomp .
We use bcomp
and bcomp
to designate the second2
3
order and third-order group-velocity dispersion
parameters of the compensating ﬁber, respectively.
The length of the system is now L ¼ L1 þ Lcomp .
Here, Eq. (9) remains valid except that Lb2 and Lb3
are now deﬁned in terms of average second-order
comp
group-velocity dispersion bav
2 ¼ ðb2 L1 þ b2
Lcomp Þ=ðL1 þ Lcomp Þ and average third-order discomp
persion bav
Lcomp Þ=ðL1 þ Lcomp Þ.
3 ¼ ðb3 L1 þ b3
Fig. 2(b) represents the intensity of a pulse train
at the output of the compensating ﬁber for the
following parameters: X=2p ¼ 160 GHz, L1 ’ 97:6
km, b2 ¼ 0:0217 ps2 /m and b3 ¼ 1:2661  104
ps3 /m. The compensating ﬁber is a ﬁber module
with the following parameters: bcomp
Lcomp ¼
2
2:0678  103 ps2 (Dcomp Lcomp ¼ 1622:4 ps/nm)
and bcomp
Lcomp ¼ 6:1537 ps3 (S comp Lcomp ¼
3
1:695 ps/nm2 ). With these parameters, L ¼
0:997Lb3 =6 ’ Lb3 =6 and L ¼ 4Lb2 . For convenience
ﬁber parameters used in our numerical simulations
of Fig. 2(b) correspond to those used in our experiment discussed in Section 3. We observe in
Fig. 2(b), that this parameter set permits to recover
the pulse train at the ﬁber output (solid line). The
temporal delay between the original train (dashed
line) and the recovered train (solid line) is equal to
T =6, where T is the period of the pulse train.
Fig. 2(b) also illustrates the pulse train at the
system output for X=2p ¼ 160:1 GHz (circles) and
X=2p ¼ 161 GHz (crosses). We conclude from
Figs. 2(a) and (b), that the amplitude of variation
of the output pulse train temporal proﬁle as a
function of the repetition rate strongly depends on
the amount of dispersion. On the one hand, in case
of propagation of the pulse train in a standard

ﬁber with large second-order and third-order dispersion coeﬃcients the output proﬁle is very sensitive to the pulse repetition rate. On the other
hand, in case of propagation in a dispersionmanaged system with relatively small average
values for second-order and third-order dispersion
coeﬃcients, the output proﬁle is not as much
sensitive to small variations of the pulse repetition
rate, which makes the experimental observation of
the Talbot eﬀect possible. Note that a detailed
discussion on tolerance with dispersion of the
temporal Talbot eﬀect in the restricted case of
second-order dispersion media is given in [11].

3. Experimental results
An overview of the experimental set-up is
shown in Fig. 3. The 160-GHz picosecond pulse
train is generated at 1550 nm by using multiple
four-wave mixing temporal compression of an
initial dual frequency beat-signal propagating in a
1-km long NZ-DSF with an anomalous dispersion
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MODULATOR
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EDFA 1
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Fig. 3. Experimental set-up. ECL 1, ECL 2: external-cavity
lasers; PM: polarization-maintaining; EDFA: erbium-doped
ﬁber ampliﬁer; ATT: variable attenuator; DC: dispersion
compensator module.
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of 1 ps/nm/km [12]. The beat-signal is synthesized
from two cw external cavity lasers (ECLs) and
ampliﬁed by an erbium-doped ﬁber ampliﬁer
(EDFA 1) at an average power of 27.2 dBm. A
phase modulator permits to suppress the stimulated Brillouin scattering eﬀect. After nonlinear
reshaping in the NZ-DSF, 1.3-ps Gaussian pulses
are generated [12]. The amplitude and phase proﬁles of the pulses were characterized by means of a
standard FROG technique. The phase variation
over the compressed pulses was found to be very
small, indicating that the pulses are essentially
transform-limited, with a phase diﬀerence of p
between two consecutive pulses. Moreover, the
extinction ratio between peak power and interpulse background is better than 20 dB. The pulses
were then injected in 97.5 km of standard ﬁber
(SMF) followed by a commercially available dispersion compensator made of high-order-mode
ﬁbers (HOMs). The dispersion compensator has a
cumulated dispersion of 2.0678 · 103 ps2 and a
cumulated dispersion-slope of )6.1537 ps3 . After
propagation through the SMF, the linear losses
were exactly compensated by means of a erbiumdoped ﬁber ampliﬁer (EDFA 2). A variable attenuator was used to control the optical power
injected into the SMF ﬁber. Finally, the pulse train
was boosted by a EDFA (EDFA 3), before detection by a second-harmonic generation autocorrelator. The average power launched in the
ﬁber was less than 0 dBm (1 mW) so that the total
nonlinear phase /NL induced by the propagation
can be neglected. Indeed, we have checked that
/NL < 2p=100 for the parameters used in our experiment. Finally, we point out that our theoretical developments are valid whatever the phase and
amplitude proﬁles of the periodic pulse trains,
providing that the reference frequency x0 coincides with a spectral band of the signal. If this
condition is satisﬁed, the recovery condition Eq.
(9) remains unchanged whatever the phase shift
between adjacent initial pulses.
Fig. 4(a) shows the experimental autocorrelation traces for X=2p ¼ 160 GHz measured at the
system output (circles) and input (solid line). It is
clearly demonstrated in Fig. 4(a) that the temporal
proﬁle of the input pulse train is perfectly restored
after propagation through the ﬁber line. The
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Fig. 4. (a) Plot showing the experimental autocorrelation traces
of the pulse train measured at the ﬁber output for X ¼ 160 GHz
(circles) and X ¼ 164 GHz (dashed line), in comparison with
those measured at the ﬁber input for X ¼ 160 GHz (solid line).
(b) Plot showing the corresponding theoretical autocorrelation
traces.

autocorrelation trace obtained for X=2p ¼ 164
GHz (dashed line) demonstrates that a small variation of the pulse repetition rate leads to a strong
modiﬁcation of the temporal proﬁle at the system
output. Indeed it is clear that, for X=2p ¼ 164
GHz, the output proﬁle is signiﬁcantly diﬀerent
from the initial temporal proﬁle. The excellent
agreement between the experimental results and
the theoretical predictions obtained by numerical
integration of Eq. (2) (see Fig 4(b)) evidences the
role of the third-order dispersion on the Talbot
eﬀect.

4. Conclusion
In summary, we have investigated the inﬂuence
of the third-order dispersion eﬀect on the temporal
Talbot eﬀect in a standard optical ﬁber. In particular, we have pointed out that the recovery of
the pulse train can be highly sensitive to the laser
source repetition rate. This issue has been experimentally resolved by decreasing both the length
and the group-velocity dispersion of the system.
The measured autocorrelation traces are in excellent agreement with the theoretical predictions,
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thus demonstrating the recovery of a pulse train
after propagation through more than 100 km of
optical ﬁber.
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