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Generation of interleaved pulses on
time-wavelength grid by actively
modelocked fibre laser

J. Vasseur, M. Hanna, J.M. Dudley and J.-P. Goedgebuer

The generation of successive pulses at different wavelengths is demonstrated in
an actively modelocked fibre laser. The time and wavelength spacings between
emitted pulses are controlled by inser-tion of a phase modulator and a fibre Mach-
Zehnder, respectively. Three-wavelength operation at an aggregate rate of 9.4
GHz is reported.

Introduction: Modelocked lasers emitting picosecond pulses around
the 1550 nm region are potential signal sources for high bit rate
optical communication systems. To reduce the cost and increase
the capacity of future systems, recent studies have focused on
the generation of simultaneous or alternate multiwave-
length pulse trains at GHz repetition rates. These sources are expected
to find wide application in the implementation of 2D wavelength-time
optical code division multiple access (OCDMA) and photonic
analogue-to-digital conversion

Recently, we proposed a technique to generate successive pulses at
different wavelengths using an actively modelocked fibre laser in which
an unbalanced Mach-Zehnder interferometer (UMZI) modulator was
inserted . However, the times and wavelengths at which the
emission of pulses occurred were not controlled. In this Letter, we
demonstrate the emission of time-wavelength interleaved pulses on a
predetermined grid. Time and wavelength spacings between the pulses
are controlled by the insertion of a phase modulator (PM) and a fibre
Mach-Zehnder (FMZ), respectively. We demonstrate wavelength lock-
ing and time-wavelength locking at multi-GHz repetition rates.
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Fig. 1 Experimental setup

PC: polarisation controller; UMZI: unbalanced Mach-Zehnder interferometer;
AOFS: acousto-optic frequency shifter; FMZ: fibre Mach-Zehnder; OC: output
coupler; PM: phase modulator

Principle: Fig. 1 shows the experimental setup. The UMZI is an
integrated annealed proton exchanged LiNbO; 10 Gbit/s modulator
that includes a fixed optical path difference of 40 pm between its two
arms. When no modulating signal is applied onto the UMZI, it
behaves as a spectral filter, with a free spectral range of 60 nm.
When a radio-frequency signal is applied onto its arms, the frequency
transfer function of this component shifts accordingly and acts as a
tunable filter. For a fixed wavelength, it plays the role of intensity
modulator, achieving modelocking operation of the laser. Because of
the frequency selectivity, each wavelength sees a different temporal
transfer function, leading to the generation of successive pulses at
different wavelengths. An FMZ is inserted in the cavity as a periodic
filter and fixes the wavelength spacing to an integer multiple of
Al ryz=15.8 nm between the possible emitted wavelengths. Tempera-
ture control of this device yields absolute frequency tuning capability.
An acousto-optic frequency shifter is introduced in the loop to prevent
gain saturation by a single wavelength and to allow multiwavelength
laser emission at room temperature . An additional PM is inserted
in the cavity to control the time locations of the emitted pulses. By
driving the PM at a harmonic of the modulation frequency of the
UMZI, pulse emission is locked on a temporal grid. As a conse-
quence, we anchor the laser output on a time-wavelength map. The
pulses are amplified in an EDFA and polarisation controllers are used
to vary the polarisation orientation. A fused fibre coupler is used to
tap the output signal from the laser.

Given that the delay introduced by the UMZI is of the form
1(t) =19 + At sin(Q¢), the maximum of the UMZI transfer function,
Wmax» 1S given against time by

Opmax == O (1 — ? sin(Qt)) 1)

0

where the reference angular frequency, m, is chosen to be a maximum
of transmission for the filter at t=0: w,=4kn/10, with k an integer.
This condition, along with these time and frequency locking conditions,
impose three constraints on the emitted pulses in the time-wavelength
domain.

Results: In a first experiment, the PM was not inserted in the ring
laser. The laser was driven at 3.8 GHz. Fig. 2a shows the time trace
and spectrum of the laser output. Three pulse trains at three different
wavelengths (1, =1545.3 nm, A, =1556.9 nm and 1;=1562.7 nm)
are observed, using an optical spectrum analyser with 0.07 nm
resolution and a sampling oscilloscope with a 30 GHz photodiode.
The wavelength of each pulse is identified using a 1.2 nm filter at the
laser output. The wavelengths are separated by 2AZry,, and Adpyyz.
The pulsewidths are recorded to be 22, 23 and 38 ps, respectively. The
time-bandwidth product (TBP) of each pulse is 1.92, 0.86 and 0.71.
The chirp is due to the variation of the centre wavelength of the filter
with time. Fig. 2b shows the theoretical evolution of the maximum
of the transfer function of the UMZI against time (with
70=133x10"%s, wy=1.216x10"rad/s, Q=2.38 x 10" rad/s
and At=1.2x 107" s as experimental parameters) and the corre-
sponding experimental data points. The unoccupied grid locations
arise from residual filtering in the cavity, which can be eliminated by
improved cavity design to yield tailored operation at any wavelength
on the grid.
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Fig. 2 Time trace and spectrum of laser output and corresponding
spectrogram, with theoretical evolution of maximum of UMZI transfer
function against time (solid line) and experimental data (points)

a Time trace and spectrum (inset)
b Corresponding spectrogram

It is clear from inspection of Fig. 2 that fluctuations in the temporal
spacing between adjacent wavelengths occur. To overcome this problem,
we added the PM in the laser cavity. The PM is synchronously driven at
an integer multiple of the UMZI modulation frequency to anchor the
pulses on a temporal grid. Fig. 3 shows the experimental results when
the modulation frequency of the PM (fpy,= 9.4 GHz) is seven times the
modulation frequency of the UMZI (fy;,-;= 1.34 GHz). Three pulse
trains at three different wavelengths are obtained (4; =1536.9 nm,
4y =1542.7nm and A3 =1560.1 nm). The pulses at A; and A; are
separated by 4AAgz in the frequency domain and by 2/fp, in the



time domain, whereas those at 1; and /, are separated by Az, and
1/fpasr- The pulsewidths are 39, 44 and 48 ps, yielding a TBP 0f 0.48, 1.1
and 2.23, respectively. The emitted pulses are in agreement with the
imposed time-frequency grid and the constraint given by (1).
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Fig. 3 Time trace and spectrum of laser output and corresponding
spectrogram in presence of additional phase modulator, with theoretical
evolution of maximum of UMZI transfer function against time (solid line)
and experimental data (points)

a Time trace and spectrum (inset)
b Corresponding spectrogram

Conclusion: A new approach to generate time- and wavelength-
interleaved picosecond pulse trains has been experimentally demon-
strated by use of an UMZI in an actively modelocked fibre laser. By
inserting a periodic filter and a phase modulator in the cavity, a time-
wavelength mapping is imposed on the laser output. We therefore
control the wavelength and time spacings of the emitted pulses. We
anticipate that this novel technique will find application for creating
codes associating one time slot with one wavelength. This would
make the implementation of dynamic 2D-OCDMA feasible.
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