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Repetition-rate multiplication of optical pulses using
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Abstract

A simple method for repetition-rate multiplication of optical pulses using uniform Bragg gratings is demonstrated.

The grating formation system for this application requires positioning accuracy of only 1 lm. A simple method of

control for each of the gratings in the writing process is proposed. Compensation of fiber dispersion using rate mul-

tiplication of pulses is also demonstrated.

� 2003 Elsevier Science B.V. All rights reserved.

PACS: 42.79.Sz; 42.81.)i

Keywords: Pulse rate multiplication; Fiber Bragg grating; Optical fiber filter; Dispersion compensation
1. Introduction

The generation of optical pulses with repetition

rates higher than tens of gigahertz is of great in-

terest to applications such as large-capacity optical

communication systems. However, the repetition

rate of pulses generated from mode-locked lasers is

limited to the operational frequencies of the optical

modulators, therefore, development of an all-op-

tical method of pulse repetition-rate multiplication
is important. Recently, the temporal fractional

Talbot effect in optical fibers was successfully used
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to accomplish this goal [1,2]. Rate multiplication

using a chirped fiber Bragg grating based on the
same effect has also been proposed [3] and realized

[4]. The methods based on the fractional Talbot

effect appear promising due to their simplicity and

the possibility of achieving high repetition rates.

However, it must be mentioned that when using

these methods for rate multiplication byM , each of
theM pulses has, in the general case, its own phase.

According to the fractional temporal Talbot effect,
the pulse field at the output of a dispersive delay

line can be represented as a sum of phase shifted

replicas of the original pulse train [5]. For instance,

in the case of multiplication by M ¼ 4, the disper-

sive delay line produces four replicas of the pulses

with a time delay of T=4 (T is the pulse period)

between the adjacent replicas and phase shifts
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of – p/4, 0, 3p/4, and 0, respectively, relative to the
original pulse train. Yet, in many applications (one

will be demonstrated here), it is important that the

phases of the pulses be identical. Such multiplica-

tion can be performed using methods of frequency

selection using a free-space [6] or fiber [7] Fabry–
Perot interferometer or sampled fiber Bragg grat-

ings [8]. However, in these methods the individual

passbands for selection of necessary modes must be

very narrow, which requires careful adjustment

between the spectral structures of the filter and of

the optical pulses and correspondingly requires

high stability of the system. Aside from this, writ-

ing a sampled fiber Bragg grating requires high
accuracy of positioning of �1 nm [9].

In this paper, a simple method for repetition-

rate multiplication of optical pulses using a number

of uniform fiber Bragg gratings is demonstrated,

where the positioning accuracy in the grating for-

mation was only 1 lm. The lack of narrow pass-

bands in the proposed method provides stability

for the multiplied pulses. We propose a simple
method of control for each of the gratings in the

writing process. We also demonstrate the use of

repetition-rate multiplication for compensation of

fiber dispersion.
2. Principle of multiplication

Multiplication of the pulse repetition rate by M
is equivalent to adding to the original pulse train

M � 1 replicas that are temporally shifted by

NT=M , where T is the pulse period and N is an

integer (N ¼ 1; 2; . . . ;M � 1). This multiplication

is performed by a linear system with a frequency

response of

F ðxÞ ¼ exp½�ixð1� 1=MÞT=2�
� ½sinðxT=2Þ= sinðxT=2MÞ�: ð1Þ

For a system comprised of fiber Bragg gratings,

the spectral dependence of the total reflectivity

should be of the form of (1). It is known that for
low reflectivities the spatial envelope of the Bragg

gratings should be the Fourier transform of the

reflection spectrum. The Fourier transform of (1)

gives a sum of d functions. In other words, in order
to obtain reflection of the form (1) we need to
write M point Bragg gratings with low reflection,

where the distance between the gratings provides

the time delay T=M between the pulses. M replicas

of the original pulse train with the relevant time

delays are obtained as a result of the reflection
from M fiber Bragg gratings. It must be mentioned

that this is similar to rate multiplication using an

arrayed-waveguide grating [10] where the replicas

are obtained as a result of the splitting of the

original pulse train and propagation in channels

with different optical paths. It is clear that in re-

ality, the lengths of the gratings must be small to

provide an almost constant spectral reflectivity of
each grating in the region of the input pulse

spectrum.
3. Writing a Bragg grating multiplier

The Bragg gratings were obtained in boron-

doped photosensitive fiber using cw (continuous
wave) UV radiation (k ¼ 244 lm) and a phase

mask. In order to set to zero undesired frequencies

in the spectrum of the original pulses the reflec-

tivity of all the gratings must be equal. In addition,

as was mentioned before, the phases of reflections

from all the gratings must be equal. These values

were measured during the writing process in the

following manner. Using a broadband light source
(spontaneous emission from an erbium-doped fi-

ber amplifier) and an optical spectrum analyzer the

total spectrum of the gratings was measured. This

spectrum can be considered as the spectral inter-

ference of the reflections from M fiber gratings.

Therefore, we processed it similarly to fringe pat-

tern analysis for spatial interference [11]. During

the writing of the gratings, a fast Fourier trans-
form was performed in real time of the reflection

spectrum measured by the optical spectrum ana-

lyzer. The Fourier transform of the reflection

spectrum was comprised of several bands of dif-

ferent orders n: the central band (n ¼ 0) and the

side bands (n ¼ 	1;	2; . . .). The central band

represents the Fourier transform of the sum of the

reflection spectra of all the gratings. The band of
the order n ¼ 1 is the Fourier transform of the

spectral interference between the reflections from

adjacent gratings that are at a distance d from one



Fig. 1. Compressed pulses of the mode-locked semiconductor

laser before (solid curve) and after (dotted curve) reflection

from the multiplier consisting of four Bragg gratings.
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another. The band with n ¼ 2 corresponds to the

spectral interference between reflections from

gratings that are at distances 2d from one another

and so on. Each of the bands was filtered out

separately then an inverse Fourier transform was

performed. The component of zeroth order en-
abled control of the reflection spectrum of each

grating. From the inverses of the components of

orders 1, 2, and 3 that were measured during the

writing of the gratings, the phase differences were

calculated between the reflections from the grat-

ings 1 and 2, 1 and 3, and 1 and 4, respectively.

These phase differences depend on the distances

between the gratings. The resolution of our posi-
tioning system of 1 lm was enough to create the

necessary time delay between the gratings but was

not enough to adjust the distances between the

gratings with the necessary accuracy. Therefore,

adjusting the optical paths between the gratings

was accomplished after writing each of the grat-

ings by UV irradiation of the spacing between the

gratings without the phase mask.
Fig. 2. Reflection spectrum of the multiplier consisting of four

Bragg gratings.
4. Experimental results and discussion

The original optical pulses in the experiment

were generated by a mode-locked semiconductor

laser with an external cavity, where one of the

mirrors was a fiber Bragg grating. To compensate
for the chirp of the laser pulses and to minimize

the pulse width we used compensating fiber with a

total dispersion of 148 ps/nm. In this manner, the

pulses were compressed from 22 to 15 ps. In Fig. 1

we show the compressed pulses (solid curve)

measured using a photodiode and a sampling os-

cilloscope (both with bandwidth 50 GHz). The

pulse repetition rate was 6.25 GHz. The repetition-
rate multiplication of these pulses by M ¼ 4 was

accomplished using a multiplier consisting of four

fiber Bragg gratings whose reflection spectrum can

be seen in Fig. 2. The spectrum was measured

using a tunable semiconductor laser with a narrow

line width. The length of each of the gratings was

0.3 mm, the distance between the grating centers

was 4 mm. The maximum reflectivity of each
grating for wavelength 1543.3 nm was 2%. The

condition of low reflectivity of the Bragg gratings
is not necessary. However, when designing a
multiplier with higher reflectivity gratings multiple

reflections should be taken into account. It is clear

that in this case the reflectivity of the gratings

would not be equal. In Fig. 3, the pulse spectrum

before (dotted curve) and after (solid curve) re-

flection by the multiplier are shown for compari-

son. The spectra were measured by an optical

spectrum analyzer with a resolution of 0.01 nm.
From the spectral standpoint, rate multiplication

by 4 is equivalent to reflecting every fourth mode

of the laser and setting all other modes to zero.

This filtering was achieved with good results in the

experiment and is shown in Fig. 3. The suppres-

sion of the undesired laser modes by the fabricated

Bragg grating filter was 22 dB. The pulses with



Fig. 4. Laser pulses that propagated through the fiber with

dispersion 402.5 ps/nm (a) before and (b) after the rate multi-

plication of M ¼ 4.

Fig. 3. The spectrum of the mode-locked semiconductor laser

pulses before (dotted curve) and after (solid curve) reflection

from the multiplier.
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multiplied rate are shown in Fig. 1 (dotted curve).

It can be seen that the multiplied pulses have al-
most equal amplitudes and reproduce the shape of

the original pulses. The spectral response of the

proposed multiplier, as well as in [6–8], consists of

individual passbands. Detuning of the pulse spec-

tral lines from the passband centers leads to deg-

radation of the output signal power. Our method

allows obtaining the wider individual passbands

for the same parameters. Therefore, the proposed
multiplier is more insensitive to detuning of the

pulse spectrum and provides more stable multi-

plied pulses.

In the next experiments we propagated chirp

compensated pulses at the original repetition rate

along a fiber with dispersion 402.5 ps/nm, equiv-

alent to 24 km of standard fiber, and then multi-

plied the pulses with the same multiplier. For this
dispersion, each single pulse is broadened from 15

to 95 ps. At a rate of 6.25 GHz between the

broadened pulses there is overlapping. These

broadened pulses are shown in Fig. 4(a). Here the

interference between the pulses that occurs due to

the superposition can be seen.

The fiber dispersion was chosen from the con-

dition that for the new rate of 6.25� 4 GHz this
dispersion corresponds to the Talbot length

zT ¼ 2c=k2jDjf 2, where c is the speed of light, k is
the central wavelength of the spectrum, D is the

group velocity dispersion of the fiber, and f is the
modulation rate of the pulses. According to

the definition of the temporal Talbot effect [12] at
multiples of the Talbot length the pulse shape is

reproduced. After multiplication of the pulse rate

by 4 there is superposition of the broadened pulse

train and its three replicas that are shifted each in

relation to the previous by 40 ps. The three replicas
may be conceived as originating from a virtual

source in the form of the three replicas of the

compressed pulses at the fiber input that are shif-

ted, respectively. Then, as a result of the Talbot

effect the superposition between the multiplied

broadened pulses at the fiber output should give

the same pattern as we obtained for the rate

multiplication by 4 of the original compressed
pulses shown in Fig. 1 (dotted curve). It is clear

that this is possible only under the condition that

the shapes and phases of all the replicated pulses

are identical. In Fig. 4(b), the results for repetition-

rate multiplication by 4 of the broadened pulses at

the fiber output are presented. The difference
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between the multiplied pulses in Figs. 1 and 4(b)

can be explained by the inaccurate fulfilling of the

condition given above.
5. Conclusion

In conclusion, we have demonstrated a simple

method for repetition-rate multiplication of opti-

cal pulses using fiber Bragg gratings. This method

allows writing of grating with a positioning reso-

lution of only 1 lm and multiplies the pulse rate

with good temporal stability. A simple controlling

method was proposed for each of the gratings
during the writing process. This method enables

obtaining not only Bragg gratings with identical

reflectivities but also those with given complex

reflectivities, which is very important for many

applications. In addition, we demonstrated fiber

dispersion compensation using the repetition-rate

multiplication of broadened pulses.
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