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The authors have investigated the stability of an external cavity
laser diode medelocked by opioelectronic feedback, The measured
preosecond pulses ol repetion frequencies of up 1o 1.2 GH=
exhibit an amplitede and phase jitter of the onder of a few
percent, increasing with increasing repetition frequency.

fmtrodwetion: Coherent traing of piecosecond  pulses from mode-
locked semiconductor lasers are promising sources of applications
such as optical data fransmission systems, Many groups have
reported on pulsewidths in the picosecond range, al repetition
rates of up to a few gigahertz, by active modelocking of external
cavity laser diodes via injection current modulation [1, 2] Still
higher repetition fregquencies can be obtaimed by modelocking long
maonolithic devices with no external cavity [3]. Usually, external
modulation by stahle frequency synthesisers is a basic requirement
for the active modelocking of laser diodes. Recenily a scheme was
proposed allowing active modelocking without external modula-
tion by the use of optoclectronic feedback [4. 5] The knowledge of
its stability properties is of lundamental importance to future
applications. This Letter reports on investigations of the amplitude
and phase stahility of this system at repetition frequencies in the
gigaheriz range.

Experimantal setup: The complete experimental setup is shown
schematically m Fig, 1. The antireflection coated laser diode is a
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MO: microscope objective: AR: antireflection coating: APD: ava-
lanche photodiode

BH structure emitting at . 3pm. It is placed in an external cavity
consisting of & microscope objective (MO) and a highly reflective
mirror, The light output is collimated with & microscope objective
and divided by a beamsplitter: one beam is taken for the optoelec-
tromic feedback (OEFB) and the other one allows analysis of the
optical output, The feedback beam is focused on to a fast (4.5
GHz bandwidih) avalanche photodiode (APD) The elecirical
APD signal is amplified by two commercial high bandwidth (10
GHz) amplifiers and superimposed on to the DC current of the
laser dinde via a bias tee, The 6dB power divider inside the electri-
cal feedback loop allows analysis of the clectrical signal with a
spectrum analyser or a sampling oscilloscope, Furthermore, it pro-
vides the trigger signal for a synchroscan streak camera, which is
used for time resolved measurements of the optical output, The
use of an optical spectrum analyser yvields information on the spec-
tral properties of the optical output,

The optical cavity roondtrip Irequencies are chosen as multiples
of 150MHz, which corresponds to the length of the optoclectronic
feedback loop. The repetition (requency of the modelocked output

pulses is equal 1o the optical roundirip frequency in all cases dis-
cussed below.

Experimentol resuits: Modelocking by OEFE has been obtaimed w
repetition frequencies from 73MHz up to 2.4GHz, with optical
pulsewidths between 20 and 40ps. In the following, we investi-
gated the phase and amplitude stability of our system at three rep-
resentive repetition frequencies of 600MHz, 900MHz and 1.2
GHz. The measured pulsewidths were 23, 22 and 21 ps, respec-
tively. The smplitude jitter % defined vs the ratio AE'E of the
mean pulse energy fluctuations to the absolute pulse energy, while
the phase pter (or Hming jitter) 15 assigned o be the ratio ArT, T
being the repetition period and Ar being the average uncertainty of
the temporal pulse position.
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Information aboutl the magmiude of the amplitude and timing
jitter is obtained by investigation of the measured power spectra.
The power spectrum consists of a set of carners sl harmonics of
the fundamental repetition frequency, These carriers are sut-
tounded by broad noise bands which are caused by amplitude and
phase jitter [6]. For example, Fig. 2o shows the measurcd RE spec-
trum in the vicinity of the fifth harmonic of the fundamental bea
frequency of 1 2GHz, The noise bands originating from amplitude
and phase jitter can be distinguished in the following way: the
phase noise contributions can be identilied by the guadratic
increase mn the power ratio between the power of the noise bands
and the carrier, while the amplitude nolse power ratio 15 constant
for all harmons [6. 7). The power ratio between the noise side-
bands and the carrier was measured and plotted against harmonic
number in Fig. 24 for a repetition frequency of 1.2GHz. From the
quadratic frequency dependence of their power ratios three differ-
ent phase jitter contributions can be dentified. Mote that piter
contributions below 100Hz cannot be evaluated due to the finite
spectral resolution of the spectrum analyser. The amplitude jitter
contributions were determined from the zero-order intercepis of
the parabolic fits to the noise band power ratios. The ultimate jit-
ter values can be obtained from integration of the noise bands [6,
7. The values we determined from our measurementis are summa-
rised in Fig. 3o and & for the three repetition frequencies we inves-
tigated. We found the amplitude jitter to be less than a few
percent and the phase jitter to be less than 1.53%. The exact maxi-
mum values of the absolute timing jitler were 3.3, 9.4 and 9.6ps at
600MHz, 900MHz and at 1.2GHz repetition frequency. respec-
tively. Accordingly, timing jitter is of minor importance al the
lowest repetition frequency while 1t becomes a considerable por-
tion of the optical pulsewidth at the higher repetition frequendcies.
All amplitude and phase jitter contributions increase considerably
at higher repetition frequencics, indicating a reduced  stability
when the ratio of the cavity roundtrip frequency to the OEFB fre-
QUENCY INCTEases.
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Further investigation is required to clarify the influence of the
loop delay on the jitter and to determine the origin of the different
jitter contributions. In particular, the reason for the considerable
incresse in both amplhitude and timing jitter has to be determined,
sinée al higher repetition frequencies the bming ptter plays a dom-
inant role m the system's performance.

However, comparing our results for the phase stability to those
for active and passive modelocking, we find that the tming jitter
s comparable to that of passively modelocked diode lasers [7],
while it is larger than the timing jitter we observed for active
modelocking of our laser diode by at least a factor of 3,

Conclusions: We have presented the first results of our investiga-
tions into the stability of an external cavity laser diode mode-
locked by optoelectronic feedback. The results show  bath
amplitude and timing jitter (o be in the order of a few percent.
These results for the jitter arc higher than those observed for
gctive modelocked external cavity laser diodes but better than
those obtained for passive modelocking [7]. Stability decreases
when the ratio of the cavity roundtrip frequency and optoelec-
tromic feedbick frequency increases. For this reason integration of
the feedback loop will be a wselful means of achieving much higher
repetition rates with improved stability.

Acknowledgmenr: We wish to express our gratitude to the Alcatel-
SEL Research Center, Stutigart, for providing the laser diodes.
This work was supported by the research project *Photomcs-Opti-
cal Signal Processing' of the German Ministry of Research and
Technology.

& |EE 1993
Elecrronies Letrers Owulime No: 19950234

MO Ziegler. M. Hofmann, W. Elsifier and E.O. Gobel {Fachbereich
Physik und Zemtram fiir Marerialwissenschaften der Plilipps Universindr
Marburg, Renthof 3. D-35032 Marfurg, Germuany)

1. Sacher (Joachim Sacher Laseriechnit, Nikcolaisirale 9a, D-35037
Muerbirg, Germarny )

& ey 995

References

I wvam pER ZEL SR “Active mode locking of double heterostructure
lasers im an extermal cavity', S Appl Phys, 1981, 52, pp. 435
4446

BOWERS, ) E., MORTON, Pa., MAR. A, and CORZINE SWw.: “Actively

mede-locked semconductor lasers’, [EEE J. Quwantom Eleciren.,

1986, 25, pp. 14261439

3 may, PG, and siERBAUM. M ‘Monolithic mode locking of long
cavily GaAs-AlGaAs semiconductor lasers”, [EEE  Photonics
Technol, Ler.. 1991, 3, pp. 296-20%

4 MNIETZKE. R, SACHER. I, ELSAOER. W, and GOBEL. E0: “Mode locking
of a semiconductor laser by sell-synchronsng  optoelectronic
feedback of the longitudinal mode beats’, Eleciron. Letr., 1900, 26,
pp. 10061018

5 DERICKSON. [, HELKEY.RJ., MAR. A, MORTOM PA, and
BOWERS, LE: “Self-mode-locking of a semiconductor laser using
positive feedback”, Appl Plys. Lert, 1990, 56, pp. 7-9

6 voN DER LINDE Do ‘Charscterisation of the noise in continuous
operating moede-locked lasers’, Appld. Phys. B 1986, 3, pp. 201-
217

T SAMDERS. 8, SCHRAMS T, YARIV.A, PASLASKL |, UNGAR.LE. and
#arEM, Hao ‘Timing jitter and pulse encrgy fluctuations in a
passively mode-locked two-section quantum-well laser coupled 1o
an external cavity', dppl. Phys. Lew, 1991, 59, pp. 1275-1277

(38 )



