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10 x 30 GHz Pulse Train Generation from
Semiconductor Amplifier Fiber Ring Laser

K. Vlachos, K. Zoiros, T. Houbavlis, and H. Avramopoulos

Abstract—A multiwavelength, fiber ring laser source, is demon- cross its ten wavelengths and this is phase locked to a rela-
strated. It generates 10 wavelength channels, simultaneouslytively low frequency 5-GHz optical pulse train, which is used
mode-locked and synchronized at 30 GHz, each producing 7-ps 14 moade-lock it. This is a particularly attractive feature of this

pulses. The mode-locking technique relies on the gain saturation of the | f tical pulse trai b d
the semiconductor amplifier from an external optical pulse train SOU'CE, as the low Irequency oplical puise train may be use

to impose the simultaneous mode-locking of the 10 wavelengths. for easy clock recovery in a transmission system or as a master

Index Terms—Mode-locked fiber ring laser, multiwavelength clock ina h_lgh speed f’;lll-optlcal digital logic circuit Flnglly the
source, rational harmonic mode-locking, , semiconductor optical SOurce is simple to build and has been constructed entirely from

amplifier. commercially available components.

The principle of operation of the source presented here relies
on three key observations. The first is that the fast saturation
of the gain of a semiconductor optical amplifier (SOA) by an

HE RAPID growth in bandwidth demand from opticalexternally introduced picosecond optical pulse train pulse, may

fiber network systems, has intensified research efforts b@ used for gain modulation in a ring cavity to obtain mode-
demonstrate multiwavelength and high bit rate laser sources [d¢ked picosecond pulse trains [13]. Optical modulation of the
and to qualify them in transmission experiments [2]. In order @ain of the SOA may be more easily performed at a higher rate
increase the product (humber of channels) x (channel repetitiban electrical gain modulation. In the present experiment the
rate), a large number of approaches have been taken, aimemgernally introduced pulse train is obtained from a relatively
to increase either terms of this product. One of the succesdfuk repetition rate, gain switched DFB diode laser. The second
techniqgues that has been employed so far is that of spectrabservation is that the use of a heterogeneously broadened gain
slicing. Spectrum slicing has been used with LED’s [4lement as a semiconductor amplifier, allows the simultaneous
superluminescent diodes [5], amplified spontaneous emissimstillation of a number of wavelengths in the same oscillator
from EDFA [6], supercontinuum generation in fiber [2], [3]cavity.
and femtosecond pulses [7], [8]. A significant advantage of In the present embodiment, the multiwavelength oscilla-
spectral slicing is that it overcomes the difficulties associatéidn in the laser source has been achieved with the use of a
with wavelength stabilization if independent diode lasers aFabry—Perot etalon. The third observation is that repetition
used instead. A different approach has also been investigatate multiplication tonf..; of the output pulse train may
in which the multiwavelength signal is obtained directly fronbe achieved, by tuning the frequengy,; of the externally
actively mode-locked laser oscillators [9], [10]. This approadhtroduced pulse trains tfi... = (IV + 1/7)6 fring, [14]-[16].
preserves the advantage of relative wavelength stabilitythis equationV is the order of the harmonic mode-locking
between all oscillating modes, while it results in relativelpf the ring lasers f.in is the fundamental frequency of the ring
simple experimental configurations. With this technique, alser oscillator ane is an integer. When the repetition rate of
the mode-locked wavelengths are simultaneously timed to tte external pulse train is adjusted to differ &fn,/n from
modulation signal in the laser oscillator and so they are alacharmonic of the fundamental of the ring cavity, it becomes
synchronized with each other. This is an important feature femporally displaced b{..;/» on each recirculation through
these sources, which may be used for powering high-spehd ring cavity with respect to its previous position. In thig
digital optical logic circuits [11], [12], for which preciseis the repetition period of the external signal. In the present
synchronization is essential. experiment it has been possible to multiply the repetition

In this letter, we report on a compact, fiber pigtailed lasdrequency of each wavelength up to 30 GHz or six times the
source which generates 10 synchronized wavelength channedse of the external optical pulse train.
each mode-locked at 30 GHz, producing nearly transform lim-
ited 7-ps pulses with less than 5% power variation across them.
The source provides a total of 300-GHz modulation capacity

Fig. 1 shows the experimental layout. The laser ring cavity
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and had 400-ps recovery time. Faraday isolators were used at DCF

the input and output of the SOA to ensure unidirectional oscilla- o output
tion in the ring and to stop the externally introduced signal from Filter —1>——*
circulating in the cavity. Immediately after the SOA, an 80: 20

optical fiber coupler was used so as to insert the external signal 50:50 Synthesizer

and to tap the output signal from the laser. The wavelength se-

. coupler
lecting element was a Fabry—Perot etalon, constructed from an

PC EDFA @

uncoated fused quartz substrate with 1.8-nm free-spectral range ~ DbcF DFB
and 0.4-nm bandwidth. The SOA exhibited 2-dB polarization
gain dependence and a polarization controller was used at its - SOA
input port for optimization. The total length of the ring cavity 80:20
was 24.25 m corresponding to a 7.98-MHz fundamental fre- coupler
guency. The external pulse train was generated from a 5-GHz PC
gain switched DFB laser diode operating at 1548.5 nm. These Fabry-Perot
pulses were compressed to 7.5 ps with dispersion compensation Etalon
fiber before amplification in an EDFA. ~[— [ =
Before injection into the ring laser cavity via the 80 : 20 con- LJ

troller, the polarization state of the pulses was adjusted to oplécli— L Experimental setu
mize the quality of the mode-locked pulses from the ring. gL B -

lll. RESULTS AND DISCUSSION |

With a 5-nm tunable bandpass filter and in the absenc-s|
of the external modulating pulsed signal, the fiber ring lase
source tunes between 1523-1576 nm. With the Fabry—Pei™ | | _|
etalon inserted in the cavity and in order to obtain the max=ri
imum number of oscillating modes, the SOA was driven with
240 mA, close to the maximum permissible current. As the
SOA drive current was increased, the laser oscillation shifté@. 2. (a) Spectrum of multiwavelength laser in mode locked operation at 30
toward longer wavelengths and as a result of this the maximi{% ?,T?é?tfg‘é‘é?gﬁféig‘éﬂé'ﬁff‘1%"2,'%?“"'”9 10 6.7-ps pulsewidth. The time
number of simultaneous wavelength oscillations was obtaine(f S
between 1554-1570 nm.

With the 5-GHz gain switched pulse train turned on, its fre-
guency tuned to a harmonic of the ring cavity and the EDFA
adjusted to provide 1.6 mW into the cavity, the SOA fiber ring
source mode-locks simultaneously at 10 wavelengths. For thi
condition the drive current to the SOA is adjusted to 235 mA. Bym
increasing the frequency of the signal generator away from thi: ' 1559.8 nm ' 1570.6 nm
value by 1/6th of the fundamental frequency of the ring cavity,
the laser produces pulse trains at 30-GHz repetition frequenc
This is six times higher repetition frequency than the repetition
frequency of the external pulse trains. It should be noted her J
that all other repetition frequency multiplication factors up to 6
could be obtained easily by appropriate frequency tuning of the’ i S0 po/div " 50 ps/div
external pulse trains. The broad and nearly wavelength indepen-
dent cw tuning range of the ring cavity allows in any case fdnig. 3. Simultaneous pulse train for four wavelengths. The time base is 50 ps.
nearly equal power distribution across the 10 oscillating wave- oPower i)
lengths. Micro-adjustment within a few microamperes from the o AR )
value at which the source mode-locks, however, was usedtofur _ ™ £, sau iun.al
ther reduce this power variation to less than 5%. The total output .
power of the source was 530V.

Fig. 2(a) shows the optical spectrum of the mode-locked
output from the laser, showing the 10 simultaneously g
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mode-locked wavelengths at 30 GHz. The output pulses were s 1sse 1ss0 1s6a 1508 1512 1982 1888 1660 dsee ser ez
12 ps long and were not transform limited due to the frequency Wavelength {nm} Wavalength (nm)
chirp imposed on them by the refractive index change of the @) (b)

SOA from 't'S fast tlme—dependen't Sa.turat'qn' SUbsequen_HM. 4. (a) Variation of the pulsewidth and pulsewidth—bandwidth product
these were Ilnearly Compressed with dlspersmn compensatuagsus wavelength. (b) Variation of the output power versus wavelength.
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fiber of total dispersion-14.25 ps/nm and were filtered with a
tunable optical bandpass filter of 0.6 nm width before detection. [y
Fig. 2(b) shows the second-harmonic autocorrelation trace of
the pulse train obtained at 1568.8 nm, indicating 6.7-ps pulse[Z]
width assuming a squared hyperbolic secant profile. It was
not possible to obtain good quality pulse trains for repetition
rates beyond 30 GHz primarily because of the length of thel®!

recirculating mode-locked pulses and the external pulses.

Fig. 3 displays the mode-locked pulse trains after filtering

at Ay = 1554.4 nm, A, = 1559.8 nm, A3 = 1565.2 nm,

and Ay, = 1570.6 nm monitored on a 30-GHz sampling
oscilloscope and shows temporal synchronization betweeri5]
them. Fig. 4(a) displays the variation of the pulsewidth and
the pulsewidth-bandwidth product for each mode-locked g
wavelength. This figure shows that the pulsewidths for all 10
wavelength pulse trains, are within 4% of 7 ps. Similarly this
figure shows that the pulsewidth—bandwidth products for all
pulse trains are within 3% of 0.35, indicating that the pulses
profiles are all close to squared hyperbolic secant. It is worthl
noting here that the composite autocorrelation trace of the
10-wavelength pulse trains revealed the same pulse width as
each of the individual wavelengths, confirming their temporal (o]
synchronization. Fig. 4(b) shows the output power for each of
the mode-locked wavelengths indicating less than 5% variatiofi0]

across them.

In summary, we have demonstrated a simple, totally fiber;q;
pigtailed laser source, constructed from commercially available
components, which is capable of generating 10 synchronizeHZ]
wavelength channels, each mode-locked at 30 GHz. The os-
cillator produces nearly transform limited, 7-ps pulses for all
wavelengths with less than 5% power variation across them.
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