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Alternate Multiwavelength Modelocked Fiber Laser

Jérome Vasseur, Marc Hanna, John Dudley, and Jean-Pierre Goedgebuer, Member, IEEE

Abstract—We demonstrate alternate mode-locking of three
30-ps pulse trains at three different wavelengths, each at a rep-
etition rate of 3.8 GHz. The successive multiwavelength pulsed
operation is reached in an actively mode-locked erbium-doped
fiber laser in which an unbalanced Mach-Zehnder interferom-
eter has been introduced. This component plays both the role of
intensity modulator and tunable filter.

Index Terms—Laser tuning, mode locked lasers, optical commu-
nication, optical fiber lasers, pulsed lasers.

1. INTRODUCTION

HE GENERATION of multicolor optical pulse trains

has been intensively studied recently to obtain pulses
at several wavelengths simultaneously or alternatively in the
1550-nm window. The main motivation for such sources is that
the costs of current systems may be considerably reduced by
using a single laser emitting simultaneously at different wave-
lengths. Such multiwavelength lasers are cost-effective sources
for wavelength-division-multiplexing systems but also time-re-
solved spectroscopy and optical component characterization.
In addition to being all-fiber systems, erbium-doped fiber am-
plifiers (EDFA) are adequate gain media for multiwavelength
operation due to their wide gain curve. Several methods have
been proposed to obtain multiwavelength operation in fiber
lasers: the use of birefringent cavities [1] or of second-order
nonlinearity with comb filters [2], the dispersion tuning method
[3], the introduction of fiber Bragg gratings [4], [5] in the cavity,
or more recently, the use of a frequency shifter combined with
a Fabry—Pérot periodic filter [6], [7]. In this letter, we report
the design and implementation of an alternate multiwavelength
picosecond pulsed fiber laser that generates three pulse trains
at three different wavelengths alternatively. This laser is ac-
tively mode-locked at a repetition rate of 3.8 GHz using an
unbalanced Mach—Zehnder interferometer (UMZI). The UMZI
plays both the role of optical filter and intensity modulator
(IM). Results obtained in a laser with both the UMZI and a
conventional IM are also presented. These sources might allow
the implementation of two-dimensional (2-D) wavelength-time
optical code-division multiple-access (OCDMA).

II. PRINCIPLE

The experimental configuration of the laser is shown in Fig. 1.
It consists of a gain-flattened EDFA (Keopsys model 1 060 234),
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Fig. 1. Schematic diagram of the alternate multiwavelength laser.

a polarization controller, an unbalanced MZI (Photline Tech-
nologies custom order), and a 50/50 output coupler.

The cavity dispersion was measured to be less than
1 ps/mm/km, allowing mode-locking on a wide range of
wavelengths. The UMZI is an integrated annealed proton
exchanged LiNbOs 10-Gb/s modulator that includes a fixed
optical path difference of 40 m between its two arms. When
no radio-frequency signal is applied onto the UMZI, it behaves
as a spectral filter, with a sinusoidal frequency transfer function
and a free spectral range (FSR) of 60 nm. Upon application
of a time-varying electrical signal, this transfer function shifts
accordingly. Equivalently, each wavelength sees a different
temporal transfer function that depends on the bias of the MZI
and the frequency and modulation depth used. This results
in a wavelength-dependent mode-locking condition and in
an alternate generation of pulses at different wavelengths.
Considering the input field amplitude u(t) = e/**, with w in
the neighboorhood of a reference angular frequency wy, the
transfer function of the UMZI T' is proportional to

T~ cos (21 1)
2

where 7 is the delay introduced by the MZI, assumed to be of the
form 7(¢) = 79 + A7 sin(§2¢). We choose the reference angular
frequency, wg, to be a maximum of transmission for the filter
att = 0: wg = 4kw /79, with k an integer. Since 7 = 79, the
transfer function is maximum for the angular frequency wp,ax
that satisfies wyax7/2 = 2kw. Using a Taylor expansion, wmax
can be evaluated as

W A W0 <1 —_ %T sin(Qt)) . Q)

Fig. 2 shows the theoretical evolution of the maximum of the
transfer function of the UMZI as a function of time (with 7y =
1.33 1078 5, wy = 1.216 10" rad/s, 2 = 2.38 10'? rad/s,
and AT = 1.9 10713 s to fit the experimental parameters). Note
that a similar principle was first used by Olsson and Tang [8]
in a bulk laser with separated tunable filter and mode-locker
elements.
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Fig. 2. Theoretical evolution of the maximum of the transfer function of the
UMZI as a function of time (solid line) and experimental behaviors (points).
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Fig. 3. (a) Time trace and (b) spectrum at the laser output.

III. EXPERIMENTAL RESULTS

Fig. 3(a) and (b) display the temporal trace and spectrum of
the signal at laser output, respectively. For a repetition rate of
3.8 GHz, three successive trains at three different wavelengths
(A1 = 1543.2 nm, A = 1549.6 nm, and A3 = 1562.5 nm)
are observed using an optical spectrum analyzer with 0.07-nm
resolution and a sampling oscilloscope with a 30-GHz photo-
diode. The wavelength of each pulse is identified by adding a
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Fig. 4. Full-width at half-maximum pulsewidth as a function of mode-locking
frequency for the three emitted wavelengths (A, 1543.2 nm, A,
1549.6 nm, and A3 = 1562.5 nm).

1.2-nm bandpass tunable optical filter at the laser output and
the pulsewidths were recorded to be 24, 25, and 38 ps, yielding
a time-frequency product of 0.81, 1.06, and 1.85, respectively.
Since the center wavelength of the filter varies with time, the
generation of chirped pulses is expected. The three wavelengths’
operation is stable for some hours at a constant room tempera-
ture. Nevertheless, since no stabilization system has been imple-
mented, fluctuations of the peak power are observed. The time
locations of these emitted wavelengths is plotted on Fig. 2. Ex-
perimental behaviors of A; and A3 are in good agreement with
the expected theoretical behavior. A5, however, is not accounted
for by the filter transfer function. This might indicate that, for
this filter position, the overall frequency selection is dominated
by the EDFA transfer function. As shown in Fig. 4, the three
pulse trains-three colors operation of the laser has been observed
at different harmonics of the frequency axial mode separation
for a range from some megahertz up to 3.8 GHz. As expected in
a mode-locked configuration, the pulsewidth decreases with an
increase of the modulation frequency [9].

Typically, the large homogeneous broadening occuring in the
EDFA causes mode competition in a 10-nm window around
each laser oscillation and prevents emission of closely sepa-
rated wavelengths [10], [11]. Nevertheless, as mentioned in [5],
temporal-spectral multiplexing helps overcome homogeneous
broadening in multiwavelength pulsed lasers. In this laser, the
wide separation of the emitted wavelengths (about 6 and 12 nm)
seems to be inherent to the specific mode-locking technique
used. The large FSR of the UMZI and the necessary adequa-
tion between the location of the pulse in the time domain and its
spectral content, in the absence of any other constraint, are im-
posing such widely separated wavelengths. The exact emitted
wavelengths are determined by local extrema of the gain curve
of the EDFA.

IV. DISCUSSION

In order to have a better control on the timing of the emitted
pulses, a conventional IM, integrated on LiNbO3, is added in the
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Fig. 5. (a) Time trace and (b) spectrum at the laser output in the presence of a
conventional IM.

ring cavity. The IM is synchronously driven at an integer mul-
tiple of the UMZI modulation frequency. It locks the emission
of pulses on a temporal grid, while the central wavelength is de-
termined by the UMZI. Fig . 5 shows the experimental results
when the modulation frequency of the IM (f1 = 4.837 GHz)
is five times the modulation frequency of the UMZI ( fumzr =

967.4 MHZ).
Two series of pulses at two different wavelengths
(A = 1562.3 nm and Ao = 1563 nm) are obtained. This

confirms the possible laser emission at closely spaced wave-
lengths. The temporal pulses at A; and A5 are separated by
2/ fim. The other locations on the temporal grid are left unoc-
cupied, probably because the two emitted wavelengths capture
all the available gain. In this case, the pulsewidths are recorded
to be 50 and 45 ps, yielding a time-bandwidth product of 0.56
and 0.48, respectively. The birefringence of the IM combined
with the polarizing behavior of the UMZI acts as a filter that
imposes a wavelength spacing of 0.7 nm. This could be a means
of anchoring the emitted wavelengths on the ITU grid.
Conversely, one could impose a constraint in the frequency
domain by inserting a periodic filter in the cavity. The use of

an intracavity Fabry—Pérot filter in conjunction with an acous-
tooptic frequency shifter [7] might enable us to force laser oscil-
lations at closely spaced wavelengths, still in an alternate mode.

V. CONCLUSION

We have demonstrated alternate pulsed operation at three
wavelengths by use of a UMZI. The proposed method requires
a limited number of optical components. By emitting succes-
sive pulses at different wavelengths, codes associating one
time slot with one wavelength can be implemented. This might
enable the implementation of dynamic 2-D OCDMA systems
[12], [13]. Further work will include the stabilization of the
obtained pulse trains, the control of the emitted colors/pulse
temporal locations, and the increase of the number of trains and
wavelengths that can be emitted at higher frequencies.
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