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Pulse Distortions Due to Third-Order Dispersion and
Dispersion Mismatches in a Phase-Modulator-Based
Temporal Pulse Shaping System
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Abstract—An analysis on pulse distortions due to the third-order
dispersion (TOD) and dispersion mismatches in a phase-modu-
lator- (PM) based temporal pulse shaping (TPS) system for the gen-
eration of a repetition-rate-multiplied pulse burst is performed. We
demonstrate that the profile of a repetition-rate-multiplied pulse
burst and the shape of the individual pulses in the pulse burst are
distorted due to the TOD and the dispersion mismatches of the
dispersive elements. The tolerance of the system to the TOD and
the dispersion mismatches when employing an input optical pulse
with different pulsewidth is studied. A technique to use predistor-
tion of the RF modulation signal to tackle the pulse distortions is
discussed.

Index Terms—Arbitrary waveform generation (AWG), Fourier
transform, pulse repetition rate multiplication (PRRM), temporal
pulse shaping (TPS).

1. INTRODUCTION

IGNIFICANT efforts have been made in the past few
S years to achieve optical pulse repetition rate multiplica-
tion (PRRM), which can find many potential applications in
high-speed optical communications, radar and modern instru-
mentation [1]-[4]. Various techniques have been proposed to
implement PRRM in the optical domain. Among the numerous
techniques, PRRM based on linear filtering using a spectrally
periodic filter is considered one of the most promising solu-
tions. In general, linear filtering can be realized by periodic
amplitude-only filtering [5]-[9], periodic phase-only filtering
[9]-[15], or the combination of the two [16]. Periodic ampli-
tude-only filtering can be achieved using an arrayed-waveguide
grating [5], a Fabry—Pérot etalon [6], uniform fiber Bragg grat-
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ings (FBGs) [7], superimposed uniform or chirped FBGs [8],
[9], or a sampled FBG [10]. Since phase-only filtering could
achieve much higher power efficiency than amplitude-only
filtering, the implementation of PRRM based on phase-only
filtering has been a topic of interest recently. For example, pe-
riodic phase-only filtering using a single all-pass optical cavity
has been proposed to realize optical PRRM [11]. The method
based on temporal self-imaging effect using a linearly chirped
FBG (LCFBG) has also been proposed and demonstrated [12],
[13].

The major limitation of the techniques in [5]-[13] is that
the systems are not reconfigurable. Once the systems are im-
plemented, the temporal features of the pulse burst, such as
the repetition rate and the pulse burst profile, are determined,
which are not tunable. A solution to the problem is to use a
phase-only spatial light modulator (SLM) [14]. Since an SLM
can be updated in real time, an SLM-based phase-only filter can
be made reconfigurable and the temporal features of the pulse
burst can be tunable. The major drawback of an SLM-based
system is the bulkiness and complexity. In addition, the cou-
pling between fiber-to-space and space-to-fiber increases the
system loss. To solve these problems, an all-fiber based tem-
poral pulse shaping (TPS) system that is reconfigurable for the
generation of high-repetition-rate optical pulse bursts was pro-
posed and demonstrated [15]. In the system, a phase modulator
(PM) was employed to which a periodic RF modulation signal
was applied. The generation of an optical pulse burst with a rep-
etition rate as high as 113 GHz was demonstrated. Since the in-
dividual pulse in the pulse burst has an ultra-narrow width, it
was hard to be directly observed using an oscilloscope. In [15],
the generated pulse burst was observed using an autocorrelator.
It is known that the autocorrelation of a pulse or signal does
not reveal all the information of the pulse or signal and the dis-
tortions due to the third-order dispersion (TOD) and dispersion
mismatches were not observed.

In this paper, we perform a detailed analysis on the impact
of the TOD and dispersion mismatches on the distortions of the
generated pulse burst in a PM-based TPS system for PRRM.
A theoretical model is developed, from which pulse distortions
due to the TOD and dispersion mismatches are evaluated. Nu-
merical simulations are then performed. Waveform distortions
due to the TOD and dispersion mismatches are observed. The
tolerance of the system to the TOD and the dispersion mis-
matches when employing an input optical pulse with different
pulsewidth is also evaluated. The predistortion of the RF modu-
lation signal to tackle pulse distortions due to pulse broadening
resulted from the TOD is discussed.

0733-8724/$26.00 © 2010 IEEE
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Fig. 1. Schematic of a PM-based TPS system (MLFL: mode-locked fiber laser; EOPM: electro-optic phase modulator).

II. THEORETICAL ANALYSIS

The schematic of a PM-based TPS system for PRRM is
shown in Fig. 1. The system consists of a mode-locked fiber
laser (MLFL), two conjugate dispersive elements, and a PM
that is connected between the two dispersive elements. A pe-
riodic RF modulation signal generated by a microwave signal
generator is applied to the PM through the RF port. The phase
modulation here corresponds to the periodic phase-only fil-
tering. Since the output pulse could not be directly observed on
an oscilloscope, it was observed using an autocorrelator [15].
However, the distortions due to the TOD and the dispersion
mismatches were not seen. We will show, based on our analysis,
that the profile of a repetition-rate-multiplied pulse burst and
the individual pulses in the pulse burst are both distorted due
to the TOD and the dispersion mismatches in the dispersive
elements.

In the analysis, the average group delay from the dispersive
elements, which will only introduce a constant time delay to the
generated pulse burst, is ignored. Usually, a dispersive element
is a length of dispersive fiber; therefore, the group velocity dis-
persion (GVD) and the TOD are given by ® = 3,z and = 52,
where z is the length of the dispersive fiber, and 3 = d*3/dw?
and 33 = d33/dw?, where (3 is the propagation constant and w
is the optical angular frequency. The dispersion mismatches be-
tween the two dispersive elements are denoted as § ® and 6 P,
as indicated in Fig. 1.

An input periodic RF modulation signal s(¢) with an angular
frequency of wrr is applied to the PM via the RF port. The phase
modulation function is given by x(t) = exp[jms(t)], where
m is the modulation index, which is also periodic and can be
developed in a Fourier series,

+oo
x(t) = Z ay, exp(jkwrrt) (1)

k=—o0

where aj, = (1)/(T) [, e?™*(®) . e=dkwrrtgt s the k-th order
Fourier series coefficient and 7' is the period of the modula-
tion signal. Thus, the Fourier transform (FT) of z(¢) can be ex-
pressed as

+o0
X(w) =2n Z ar6(w — kwgrr) (2)

k=—o0

where 6(¢) is the Dirac delta function.

The transfer functions of the two conjugate dispersive ele-
ments without considering the dispersion mismatches are given
by
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Assume that the input ultrashort optical pulse g(#) is trans-
form-limited and its Fourier transform is G (w), the output signal
at the output of the second dispersive element is then given by

Y (w) = {% (G, ] *X(w)} H_ , .

where * denotes the convolution operation. Substituting (2), (3)
and (4) into (5), we can obtain (6), shown at the bottom of the
following page, where (2 is the integration variable, and the cor-
responding time-domain expression is given by
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From (7), it can be seen that the periodic phase-only fil-
tering is an operation that spreads an input ultrashort pulse to
form a high-repetition-rate pulse burst with each individual
pulse in the burst maintaining the same shape as the input
ultrashort optical pulse. For each individual pulse, the first
term ay in (7) is a magnitude coefficient and the second term
exp[—j(1/6)(3® + ® kwgy) - (kwgrr)?] is a constant phase
term. These two terms are independent of time. The third
term exp[j(w. + kwrr)t] indicates that the central frequency
of the k-th pulse is shifted from w. to w. + kwgrp, but this
shift will not change the shape of the pulse. The fourth term
glt — ® - kwrp — (1/2) ® -(kwrr)?] shows that the k-th op-
tical pulse is shifted by ® - kwgy + (1/2) ® -(kwgry)?. Thus,
the interval between two adjacent pulses could be tuned by
changing the period of the RF modulation signal.
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The impact of the TOD on the pulse distortions can be ob-
served from the fourth term. The presence of the TOD intro-
duces an additional temporal shift to each pulse, which is ®
-(kwrr)?/2. Compared with the term @ - kwgrr, the TOD-in-
duced temporal shift, ® -(kwgry)?/2, is very small and can be
ignored. The major impact that leads to pulse distortions comes
from the last term exp(5j(t?) /(2 ® -kwrr), which is a quadratic
phase term induced by the TOD. The convolution between the
quadratic phase term and an individual pulse in the burst will
lead to temporal broadening of the individual pulse and also lead
to peak power decrease [17].

Now, we consider the influence of the dispersion mismatches
on the distortions of the generated pulse burst. The spectrum of
the output waveform, taking into consideration of the dispersion
mismatches of §® and § ®, can be expressed as

Y(w)
aké(u) + kaF)
+o0 X exp [—J%(S(ﬁ—{— ‘I) kaF) . (kWRF)2:|
- k=z—:oo X exp |:—J ((I) + % (I’ kWRF) - kwrr '(4):|

X exp (—J% ‘I> 'kaF -(4)2)

6B 5§D w3
X exp | —J 5 +

6
From (8), we can see that the influence of the GVD mismatch
(6®) is similar to that of the non-zero TOD, which also leads
to temporal broadening of the individual pulses. However, the
broadening induced by §® is independent of &, which indicates
that the mismatch 6® introduces an identical distortion to all the
pulses. For a k-th pulse, the quadratic phase term from 6® may

®)
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exactly cancel the quadratic phase term introduced by the TOD
when @ -kwrp + 6® = 0 is satisfied, and the k-th pulse can
be considered transform limited if the TOD mismatch is small.
However, other pulses, including the O-th pulse, will experience
severe temporal broadening, which will make the envelope of
the pulse burst asymmetric. The phase term in (8) introduced by
the TOD mismatch ¢ ® will lead to distortions to each of the
pulses and make each pulse shape asymmetric with an oscilla-
tory structure near one of its edges [18]. Due to the symmetrical
nature of autocorrelation operation, the pulse distortions cannot
be observed if only the autocorrelation results are recorded, as
it was done in [15].

The tolerance of the system to the TOD and the dispersion
mismatches is also dependent on the pulsewidth of an input op-
tical pulse. In practice, we are often interested in the extent of the
pulse broadening rather than the details of the pulse shape distor-
tions. Thus, in our analysis we use the root-mean-square (RMS)
width, o, to describe the extent of the individual pulse broad-
ening [18]. If the input pulse is assumed to be a transform-lim-
ited Gaussian pulse, the pulse broadening factor is given by [18]

N 2 oy 27 1/2
P -k o 1 (6@
14 (&) 41 (_3)
403

202 2
where o¢g = Tp/ V2 is the RMS width of the input pulse, Tj is
the half-width at 1/e intensity point of the input pulse, and o
is the RMS width of the output pulse. It can be seen from (9)
that for a given TOD and dispersion mismatches, an input op-
tical pulse with a larger width will lead to relatively smaller tem-
poral broadening or oscillatory structure to the generated pulse
burst. Therefore, the use of a wider input optical pulse would
make the system have better tolerance to pulse distortions. As
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Fig. 2. Optical burst generation using a TPS system without and with considering the TOD. (a) Output pulse burst with two conjugate dispersive elements having
only the GVD. (b) Autocorrelation of the optical burst in (a). (c) Output optical pulse burst with two conjugate dispersive elements having both the GVD and TOD.
(d) Autocorrelation of the optical pulse burst in (c). Insets: zoom-in views of the corresponding pulses.

the temporal broadening and the oscillatory structure would re-
sult in pulse overlap in the burst, especially when the pulse repe-
tition rate is high, the distortions due to the TOD and dispersion
mismatches will restrict the highest multiplication factor of the
system. Thus, the input pulsewidth should be chosen appropri-
ately in a practical system.

III. NUMERICAL RESULTS

To verify the theoretical analysis, numerical simulations are
performed. A transform-limited Gaussian pulse centered at
1550 nm with a full-width at half-maximum (FWHM) of 500 fs
is used as the input optical pulse. The GVD of the first disper-
sive element is set at 1000 ps?, which corresponds to a standard
single-mode fiber (SSMF) of about 50-km as 3 ~ 20 ps%/km
at the wavelength of 1550 nm for SSMF. The second dispersive
element has a matching dispersion of —1000 ps?, which can be
a 5-km dispersion-compensating fiber with 35 &~ 200 ps%/km.

In the simulation, the RF modulation signal is a single-fre-
quency microwave tone. The phase modulation function is given
by

x(t) = exp[jm cos(wrrt)]

> ¥ Jk(m) exp(jkwrrt)

k=—00

(10)

Thus, the k-th order Fourier series coefficient is determined by
the k-th order Bessel function of the first kind, Ji(m), where
m is again the modulation index, and the output pulse intensity

is proportional to J?(m). The microwave frequency is set at
4 GHz and the modulation index m = 1.5. Based on (7), the
interval between two adjacent pulses is T = Pwry, which is
calculated to be 25.1 ps, corresponding to a repetition rate of
39.8 GHz.

First, we consider an ideal case in which the TOD is zero and
the GVDs are perfectly matched, i.e., = 0, §® = 6§ d= 0. The
intensity of the output optical burst is shown in Fig. 2(a) and the
autocorrelation output is shown in Fig. 2(b). As can be seen, a
high-repetition-rate pulse burst with a repetition period of 25.1
ps is obtained and the intensity of the k-th pulse is proportional
to J2(1.5), which agree well with our analysis.

Next, we consider the influence of the TOD, i.e:?é‘;é 0 and
the GVDs are perfectly matched, i.e., 66 = 6 &= 0.Ina
SSMF at around 1558 nm, 33 = 0.1 ps3/km, thus, for a 50-km
SSMEF, the TOD is about 5 ps®. The output pulse burst is shown
in Fig. 2(c), from which we can see that the pulses in the optical
burst are significantly broadened and the envelope of the pulse
burst is distorted due to the different power decrease of the in-
dividual pulses in the burst. In addition, the broadening is sym-
metrical to the central pulse and the higher order pulses would
experience larger broadening. Note that the extra temporal shifts
due to ®, which are equal to @ -(kwrp)?/2, are small and could
be ignored. These results confirm our theoretical prediction. As
a comparison, the autocorrelation output is shown in Fig. 2(d).
As can be seen the autocorrelation is similar to that shown in
Fig. 2(b), and the pulsewidth change to the individual pulses
can be observed from the autocorrelation output in this case,
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Fig. 3. Optical burst generation using a TPS system having dispersion mismatches. (a) GVD mismatch only, without the TOD. (b) Output pulse burst with the
TOD and TOD mismatch, without the GVD mismatch. (¢) GVD mismatch to compensate the TOD induced broadening at the —1st-order pulse, without the TOD
mismatch. (d) Autocorrelation of the pulse burst in (c). (e) Output pulse burst with the TOD and both the GVD and TOD mismatches. (f) Autocorrelation of the

pulse burst in (e). Insets: zoom-in views of the corresponding pulses.

but the distortion to the envelope of the pulse burst due to the
TOD cannot be observed.

Then, we study the influence of the dispersion mismatches
on the distortions of the generated optical burst. In the simu-
lation, we assume the GVDs are not matched and the TOD is
Zero (<I> 0 ps®, 6P = 0.25 ps2, 6 d=0 ps®). Fig. 3(a) shows
the generated optical burst. The individual pulses in the burst
shown in Fig. 3(a) are slightly broadened and the amount of
broadening is identical for all pulses, which is similar to the case
with the existence of the TOD, as it was indicated in (8), from
where we can see that the individual pulses are convolved with
a quadratic phase term, leading to pulse broadening. In a prac-
tical system, however, the TOD in a SSMF and a DCF can be
hardly matched perfectly and we assume a 4% TOD mismatch
in our case, which is 0.2 ps®. Fig. 3(b) shows the simulation re-
sult in which the GVDs are perfectly matched but the TODs are
not matched, i.e., ®= 5 ps3, §& = 0 ps? and § = 0.2 ps®. An

oscillatory structure at the base of each individual pulse can be
clearly observed.

Fig. 3(c) shows the result for a TPS system having both the
TOD and the GVD mismatches. In the simulation, we make the
amount of the GVD mismatch compensate exactly the broad-
enlng due to the TOD on the —1st-order pulse, i.e., — i “WRF +
§® = 0, with ®= 5 ps3, §& = 0.126 ps3, and § ®= 0 ps®. From
Fig. 3(c), we can see that the —1st-order pulse become trans-
form-limited, while the other pulses are broadened. The amount
of broadening is identical for the pulses that are symmetrically
located with respect to this transform-limited pulse. For ex-
ample, the quadratic phase terms for the —2nd- and Oth-order
pulses are —2 ® -wgrp + 6® and 6@, which are opposite but
equal in magnitude, the widths of the two broadened pulses are
identical, as shown in Fig. 3(c). Fig. 3(d) shows the autocorre-
lation output of the pulse burst in Fig. 3(c), from which we can
see that the asymmetry information is lost due to its symmetric



2870

0.8+ /\
i: 0.6 5 17 22 28
2 /
2 0.4F
Q
E
0.2
L | |
-100 -50 0 50 100
Time (ps)
(a)
1
0.8
< 0.6
2
G
S 0.4t
E
0.2
0 . L
-20 -10 0 10 20
Time (ps)
©

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 19, OCTOBER 1, 2010

0.8 F
3 0.6 53 AT 22 28
z
2 0.4
2
0.2
NI
-100 -50 0 50 100
Time (ps)
(W]
1
0.8
=
< 0.6
2
‘D
5 0.4
0.2
0 :
-20 =10 0 10 20
Time (ps)
(d

Fig. 4. (a) Generated pulse burst with an input pulsewidth of 1 ps and only matched GVD in the system. Insets: zoom-in views of the 1st-order and —2nd-order
pulses. (b) Pulse burst with distortions due to both the TOD and dispersion mismatches. Insets: zoom-in views of the 1st-order and —2nd-order pulses. (c) Pulse
burst with a repetition rate of 320 GHz and an input pulsewidth of 300 fs. (d) Pulse burst with a repetition rate of 320 GHz and an input pulsewidth of 1 ps.

nature of autocorrelation operation. The result in Fig. 3(d) is
similar to that in Fig. 2(d). Fig. 3(e) shows the output pulse
burst when the TOD and both the GVD and TOD mismatches
are considered, i.e., o= ps3 §d = 0.25 ps and § = 0.2
ps3. As indicated in (8), both pulse broadening and oscillation
would be generated, which can be clearly seen from Fig. 3(e).
Fig. 3(f) shows the autocorrelation of the optical pulse burst
shown in Fig. 3(e). It is obvious that the oscillatory structure can
not be observed from Fig. 3(f). By comparing the results shown
in Figs. 2(b), (d) and 3(d), (f), we can conclude that the auto-
correlation can be used to estimate the width of the individual
pulses but it provides little information about the details of the
pulse shape distortions or the pulse burst envelope distortions.
Thus, it may not be sufficient to use autocorrelation to charac-
terize the generated pulse burst since some key information is
not maintained in the autocorrelation operation. Note that in the
simulations, the dispersion mismatches are intentionally set at a
larger value to make the distortions more visible.

Finally, we study the tolerance of the PM-based TPS system
to pulse broadening for an input optical pulse with different
pulse width. To do so, we change the optical pulsewidth from
500 fs to 1 ps and maintain the other parameters unchanged (i.e.,
m = 1.5,® = 1000 ps? and wgr = 4 GHz). Fig. 4(a) shows
the generated pulse burst without the TOD or dispersion mis-
matches. In Fig. 4(b), a pulse burst with distortions due to the
TOD and dispersion mismatches is observed. The parameters
are the same as those used for the generation of the pulse burst
shown in Fig. 3(c) (i.e., o= ops3 b =0.25 ps 2and § = 0.2

ps®). By comparing Figs. 4(b) and 3(c), we can see that the same
amount of the TOD and dispersion mismatches will lead to far
less pulse broadening and oscillation to the pulse burst with a
wider input optical pulse, which again agrees well with the the-
oretical analysis. Fig. 4(c) shows a generated pulse burst when
the repetition rate of the pulse burst is increased from 40 GHz
to 320 GHz (pulse interval reduced from 25.1 ps to 3.125 ps) by
decreasing the modulation microwave frequency from 4 GHz
to 500 MHz. The optical pulsewidth for Fig. 4(c) is 300 fs and
other parameters are kept the same as those used for Fig. 3(c),
(ie, m = 1.5, d = 1000 ps2, &= 5 ps3,6& = 0.25 ps?, and
§d=10.2 ps3). The pulse burst in Fig. 4(c) is distorted severely
and the individual pulses can hardly be distinguished. Fig. 4(d)
shows a generated pulse burst when the input optical pulsewidth
is increased to 1 ps and the other conditions are kept the same as
those for Fig. 4(c). We can see that the distortions of each indi-
vidual pulse and the envelope of the pulse burst in Fig. 4(d) are
much smaller than those in Fig. 4(c). As a conclusion, a wider
input optical pulse could achieve a higher multiplication factor
as long as the input pulsewidth is not too wide to result in pulse
overlapping.

IV. DiscussioN

The pulse burst distortions can be eliminated if the RF modu-
lation signal is properly predistorted. The technique to use pre-
distortion to eliminate the TOD-induced waveform distortion
was proposed in [19]. The same concept can also be employed
to eliminate the pulse burst broadening due to the TOD in a
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Fig. 5. (a) Pulse burst generated using a predistorted RF modulation signal. Insets: zoom-in views of the —1st-order and 1st-order pulses. (b) Spectrum of the

pre-chirped signal.

PM-based TPS system when the input pulse is Gaussian and the
conditions TO2 / b < 1and TowrF,max K 1, are satisfied, where
WRF,max 18 the maximum angular frequency of the RF modula-
tion signal. According to [19], a predistorted modulation signal
can be expressed as

—14 /142t /2

t) = —
w(t) =s FFY
y tz—{I}Z/(z_@_) if >0 (12)
t<-82/(28) if d<o0

We can see that, the predistorted RF modulation signal is trun-
cated. Here, we use a single tone modulation signal, cos(wrrt),
where wrp is again the angular frequency of the modulation
RF signal, to help understand (12). Based on (12), the predis-
1+2t @ /92)/(® /B?)).
As |$2/(2 ®)| (100 ns in our case) is usually much larger
than the width of the broadened optical pulse after the first
dispersive element, based on (12) it is appropriate to assume
that the useful predistorted modulation signal is restricted
within a time period of —|®2/(2®)] < t < |B%/(2 ®)|.
Thus, —1 < 2t /<I>2 < 1 is satisfied. By applying power

series expansion to \/ 1 + 2t d / $2 and ignoring the third and

higher-order terms, we obtain the predistorted signal, given
by cos|[(wrr — wrr(®)/(282t))], from which we can see
that the predistorted signal can be approximated as a linearly
chirped RF signal and the chirp rate is wrp(®/2$2). If the
third and higher-order terms are considered, the predistorted
signal is nonlinearly chirped. Fig. 5(a) shows an output pulse
burst with a predistorted RF modulation signal, to compensate
the temporal broadening induced by the TOD in Fig. 2(c). The
generated pulse burst is identical to that shown in Fig. 2(a)
and is free of distortion. The spectrum of the predistorted RF
modulation signal is shown in Fig. 5(b), which is much more
complicated than the 4-GHz RF tone. Therefore, the pulse burst
distortion due to the TOD can be eliminated by predistorting
the RF modulation signal, but at the cost of a complicated RF
generator from which a sophisticated RF modulation signal
can be generated. In practice, the GVD and TOD mismatches

torted signal is cos(wrp(—1 +

will also exist in the system and will influence the optical
pulse burst generation even when the input optical pulse is
predistorted. Since an output optical pulse with predistortion
is transformed-limited, the impact from the GVD and TOD
mismatches should be similar to that when an optical pulses is
propagating in a section of dispersive element: the GVD and
TOD mismatches will lead to pulse broadening and asymmetric
oscillation to the individual pulses in the pulse burst, respec-
tively. Thus, both the GVD and the TOD should be controlled
to be well matched.

V. CONCLUSION

We have performed a comprehensive investigation on pulse
distortions due to the TOD and dispersion mismatches in a
PM-based TPS system for the generation of a repetition rate
multiplied pulse burst. A theoretical analysis was performed,
in which an equation that relates the output pulse burst and
the GVD and TOD was developed. Based on the equation,
the distortions due to the TOD and the dispersion mismatches
were analyzed. Numerical simulations were performed and the
results confirmed the theoretical analysis. The tolerance of the
PM-based TPS system to distortions for an input optical pulse
with different pulsewidth was also analyzed and verified by
numerical simulations. The results showed that a wider input
optical pulse has a better tolerance to the TOD- and disper-
sion-mismatch-induced distortions. The use of a predistorted
RF modulation signal to compensate the distortion introduced
by the TOD was analyzed, and was also verified by numerical
simulations.
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