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Abstract—Broad-band amplitude noise (100 MHz to 20 GHz)
of 40-GHz pulses generated by a subharmonically hybrid mode-
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locked (SHML) monolithic semiconductor laser is investigated. Ex-

periments show that the amplitude noise can only be suppressed

at some certain subharmonic members, while the phase noise can =
be suppressed by subharmonic hybrid mode-locking under many Lightwave Spectrum
subharmonic members. Analyzer
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semiconductor laser, phase noise, relative intensity noise.

subharmonically mode-locked laser.

|I. INTRODUCTION Il. EXPERIMENT

PTICAL PULSES generated by the mode locking of A monolithic laser with gain, saturable absorber (SA), phase
semiconductor lasers have attracted considerable atteantrol (PC), and a distributed Bragg reflector (DBR) section
tion because of their short pulsewidth, high repetition rate/as used in this study, as shown in Fig. 1. When the SA sec-
small frequency chirping and high stability, and the promisinigon of the laser was reverse biased and the gain section was
applications in high-speed optical communications, microwaéased at a current higher than 80 mA, the laser would be pas-
photonics systems, and ultrafast data processing. Passive neidely mode-locked and generated a pulse train with a cavity
locking is one of best candidates for obtaining short highlpund trip frequency of, = 39.2 GHz. The pulsewidth mea-
repetitive optical pulses, because it needs no external drivisgred by an autocorrelator was 5 ps, and the width of the spec-
signal. However, the pulses cannot be synchronized wiitum envelope was 0.7 nm, giving a time bandwidth product of
external signal and exist large timing jitter [1]. The drawbacks.44, which shows that the generated pulse train is nearly trans-
can be overcome by implementing recently developed subhform limited. Subharmonic hybrid mode locking of the mono-
monic hybrid mode-locking and synchronous mode-lockinghic laser was realized by injecting a radio frequency (RF)
techniques, where the passive mode-locked pulses are sgignal into the SA section with a frequency at a subharmonic
chronized by injection of electrical signal or optical pulsesf the laser resonant frequency [2], [3]. A HP 8564E RF spec-
at a subharmonic of the cavity resonance frequency [2], [3fum analyzer in conjunction with a 45-GHz photodetector was
These techniques offer a distinct advantage of alleviating theed to measure the RF spectrum and phase noise of the output
requirement for high frequency driving signal over hybridrom the mode-locked laser. The relative intensity noise (RIN)
mode locking and synchronous mode locking. Although timingf mode-locked pulses was evaluated by using an HP 7400A
jitter, amplitude modulation, and locking ranges of pulse&2-GHz lightwave spectrum analyzer with a built-in photodiode
generated by using these techniques have been extensieglgl low-noise RF preamplifier.
investigated [2]-[5], the characterization of amplitude noise
has not been carried out yet. For applications of mode-locked [ll. RESULTS AND DISCUSSION
pulses tp optical communlcatlc_)ns and _photomc analog to d|g_|tal he root-mean-square amplitude nolg,; of mode-locked
conversion, broad-band amplitude noise must be characterize . . .
and reduced as much as possible. In this letter, we investiggijeSes 's the integration of measured RIN [6], [7]
the broad-band amplitude noise of 40-GHz pulses generated 5
from a monolithic semiconductor laser by the subharmonic Nap = / RINAf (1)
hybrid mode locking. 1

wheref; = 100 MHz andf>; = 20 GHz are the low and high in-
Manuscript received June 18, 2001; revised August 6, 2001. tegration frequenCYv reSpeCt'Vely- In our experim¢ntywas the
The authors are with the Australian Photonics Cooperative Research Cer@west frequency that the HP71400 lightwave spectrum analyzer
Photonics Research Laboratory, Department of Electric and Electronic Engp|d respond, angh, was half of laser repetition frequency.
neering, The University of Melbourne, Parkville, VIC 3010, Australia (e-mail: . . . . .
hongchun@ee.mu.oz.au). The relative intensity noise of mode-locked pulses is large
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Fig. 2. The measured amplitude noise and pulsewidth of mode-locked pulgé% 3. The measured amplitudg noise (open circles),_the phase noise'(solid
as a function of the bias voltage on the SA section of laser. Solid triangl&ices) of SHML pulses as a function of frequency detuning, and the amplitude

Pulsewidth of passively mode-locked pulses. Open triangles: Amplitude nol¥Se (dotted line) and phase noise (dashed—doted line) of the passively
of passively mode-locked laser. Open circles: Amplitude noise of the 3rd SHMpOde-locked laser.
laser.

0.020 -65

shows that as the reverse biased voltage applied to the SA s ¢ 1 3
tion is increased, the pulsewidth of mode-locked pulses reduct 00181 \ {0y
which is the normal method to obtain short mode-locked pulse \ &
But amplitude noise from passively mode-locked laser and 3\% oot \ g
SHML laser were increased as well. A tradeoff between ot% \ i 75@
taining short optical pulses and reducing amplitude noise exisg ... L E
in both passively mode-locked laser and SHML laser. As show& {eoN
in Fig. 2, the amplitude noise of passively mode-locked pulse5 -— %
was suppressed about 3 dB to 0.9% by the third subharmor i -
mode-locking technique, where the injected RF power was ke @
at 25 dBm. 00t0F T~ g

The timing jitter of mode-locked laser leads to an increas p- po o ” po w0
in amplitude noise. The pulses in the laser cavity arrive ¢ Power (dBm)

the gain section or SA section at different time each rounu
trip because of the timing jitter of the mode-locked lasefig. 4. The measured amplitude noise and the phase noise of SHML pulses as
while the loss of laser cavity is a periodic function of timea function of the power of injected RF signal.
since the SA section of the laser is modulated by the RF
signal. Therefore, the pulses would obtain different gain eaoh the laser resonance frequenigy With the increase of RF
round trip, and the intensity of the pulses would fluctuaténjected power, both the phase noise and the amplitude noise
As a result, the amplitude noise is directly related to thef SHML laser were reduced [2], [3]. This result proves again
timing jitter of mode-locked laser. Fig. 3 shows that both thihat the phase noise of the laser is one of factors that affect the
phase noise and amplitude noise increased as the frequesnmyplitude noise.
of the RF signal was detuned frofy/3. The increase of Fig. 5 shows the amplitude noise (open squares) and phase
phase noise is because the driving signal could not fulhoise (solid circles) as a function of subharmonic number,
stabilize the mode-locked pulses, while it is detuned fromhere the RF power of injected signal was 25 dBm for
f/3[2], [3]. As the phase noise increases, the amplitude noiee third—sixth subharmonic mode locking, and 20 dBm for
increases as well. When the frequency of RF signal was furtiee second subharmonic mode locking, because of 20-GHz
tuned away, the amplitude noise of SHML pulses exceedathplifier gain limitations. The dotted line in Fig. 5 indicates
that of passive mode-locked pulses (1.92%), while the phate amplitude noise and phase noise of passively mode-locked
noise did not exceed that of passive mode-locked las€6( pulses. At the second subharmonic, the injected RF signal was
dBc/Hz). In this case, a weak component at laser resonam# strong enough to stabilize the pulses, where the phase noise
frequency off, appeared beside the stabilized componemias as large as 70 dBc/Hz at 10 kHz offset frequency, and the
with a frequency four times of RF driving signal frequencyamplitude noise was close to that of passively mode-locked laser.
and the beating of the two components causes the increatbs amplitude noise was suppressed at the third subharmonic
in amplitude noise. hybrid mode locking, since the pulses were well stabilized,
The power of the injected RF signal affects both the phage which the phase noise approached a minimum-&o9
noise and the amplitude noise of SHML pulses, as showndBc/Hz. Accompanying with the reduction of phase noise, the
Fig. 4, where the injected RF signal is tuned exactly at one thiaghplitude noise of mode-locked pulses was reduced as well.
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006 A IV. CONCLUSION
ook 5 The amplitude noise of passively mode-locked pulses could
1o g be suppressed and enhanced by a subharmonic mode-locking
% g technique depending on the working parameters chosen. For
S our (g typical subharmonic numbers, as the mode-locked laser is well
3 2 stabilized, the amplitude noise from passively mode-locked
% 0 1™z laser is suppressed by a subharmonic hybrid mode-locking
g % technique.
002
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