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A Self-Starting Hybrid Optoelectronic Oscillator
Generating Ultra Low Jitter 10-GHz Optical Pulses
and Low Phase Noise Electrical Signals

J. Lasri, A. Bilenca, D. Dahan, V. Sidorov, G. Eisenstein, D. Ritter, and K. Yvind

Abstract—in this letter, we describe a self-starting optical pulse
source generating ultra low noise 15-ps-wide pulses at 10 GHz. It Oscilloscope
is based on a hybrid optoelectronic oscillator comprising a fiber Analyzer
extended cavity mode-locked diode laser which injection locks
a self-oscillating heterojunction bipolar phototransistor. Average
jitter levels of 40-43 fs and an amplitude noise of 0.1-0.15%
over a frequency range of 500 Hz-15 kHz or 500 Hz-1 MHz
were obtained, respectively. The noise is slightly larger, a 57- fs
jitter and 0.2% amplitude noise, for a frequency range of 100
Hz—1 MHz. A 10-GHz electrical signal with a low phase noise
(—108 dBc/Hz at 10-kHz offset from the carrier) is also generated.

Spectrum

Index Terms—Heterojunction bipolar transistors, mode-locked )
lasers, optical pulse generation, optoelectronic oscillators, timing EDFA  Optical
jitter. filter

HE EVER increasing repetition rates of optically time do

main multiplexed communication links [1] and sampling
systems [2] require low noise high repetition rate short pul:
sources. Amplitude noise and timing jitter limit the performanc
of such systems what led to an ongoing reasearch effort to stt
and reduce the noise of optical pulse generators [3].

High repetition rate pulse sources are usually implement
by active mode locking of fibers or diode lasers. Fiber lase
have long cavities and operate by harmonic mode locking wi
thousands of pulses circulating in the cavity [4]. Diode lase
use hybrid [5] or monolithic [6] extended cavities driven at th
fu_ndament_a}l or a low harmonic of their resonance frequent Photo-HBT based oscillator
High repetition rates have also been demonstrated by harmc
optical injection locking [7], a process which also reduces noiggg. 1. Schematic of the hybrid pulse generator.

Actively mode-locked lasers require a microwave driving
source whose phase noise determines the resultant jitter pBjon of low noise optical pulse trains together with a low phase
Phase-locked loops and active cavity length adjustments &fise microwave signal as proposed and demonstrated by Yao
often employed to improve the performance [9]. Using aand Maleki [12], [13].
exceptionally low phase noise synthesizer, Cletrlal. demon-  This letter describes a new type of self-starting hybrid
strated a 10-GHz fiber laser with a jitter lower than 10 fs [LOppPtoelectronic oscillator based on an actively mode-locked
Similar results were obtained W. Ng al.[11]. diode laser (MLDL) and optical injection locking of a self-o0s-

Passively mode-locked lasers are self-starting so the exter@iflting InGaAs—InP heterojunction bipolar phototransistor
microwave source is avoided, but they tend to have a large jitt@#hoto-HBT) [14]. The hybrid source emits 15-ps pulses at
A different approach to self-starting pulse generators exten8 GHz which depending on the measurement frequency

the concept of an optoelectronic oscillator to include the genéange has a timing jitter of 40-57 fs and an amplitude noise
of 0.1%—-0.2% . A 10-GHz electrical signal with a phase noise

. . ) of —108 dBc/Hz at a 10-kHz offset from the carrier is also
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to the base via a narrow-band 10-GHz fil{€p = 1000) and 0

an attenuator. The oscillator feeds a MLDL which employs a -10

fiber cavity designed for a 10-GHz resonance and terminated 20+ Open loop

by a chirped grating reflector. The optical pulses are amplified 30

and filtered before traversing a long (10 km) single-mode fiber Harmonic

whose output is coupled into the optical port of the photo-HBT
for the purpose of injection locking. An attenuator is added in
order to control the injection level to the transistor.

The optical feedback to the transistor results in mutual injec- -70
tion locking of three oscillators, the self-oscilalting photo-HBT, 80+
the MLDL, and the long cavity optoelectronic oscillator. A sig-
nificant reduction of the phase noise in the generated electrical
and optical signals takes place once injection locking occurs.

The use of a long feedback fiber is a well-known technique to 0
significantly reduce the phase noise, as it locks the oscillator to

number

Power (dBm)

N 10-50 GHz

(2)

. . S o -10
its delayed replica [12], [13]. The reduction in phase noise is
proportional to the fiber length up to the point where the noise -20 Closed loop
is dominated by fiber length fluctuations due to enviornmental g -3
effects. 9@, 40
. . . . ~ Harmonic
The optical pulses were characterized using a 50-GHz p-i-n & 50 umber |
detector and a sampling oscilloscope. The pulse shape and du- 2 60
. =} h
ration (15 ps) were found to be the same for the open loop and A& 7
locked cases. Closed loop corresponds to the injection-locked i
case, while open loop means that the optical feedback is 80|
absent. The corresponding optical spectra differed significantly, «—>
however, showing a very symmetric spectrum in the locked 5 kHz/div 10-50 GHz
case and an almost transform-limited time-bandwidth product )

f ATAv ~ 0.47 for an assumesech? pulse shape.
ot arav P P Fig. 2. Normalized single sideband spectra of the first five detected harmonics

The jitter of the pulse train was determined by analyzing theeasured at a 300-Hz resolution bandwidth, and a powergofiBm coupled
spectral content of the detected signal harmonics [8], [15], [1B]° the photo-HBT. (a) Open-loop. (b) Closed-loop.
according to the procedure introduced by von der Linde [15].

Two sets of measurements are described below. In the firstFig. 3(b) shows the spectrum of the 10-GHz electrical
we measured the spectra of five harmonics over a rather lisignal measured at a resolution bandwidth of 300 Hz. The
ited frequency range 500 Hz to 15 kHz. The low frequenayptical power coupled to the photo-HBT wa$ dBm, and the
regime near the carrier was dominated in this case by ampgihase noise at a 10-kHz offset from the carrier improved from
tude, and phase noise of the spectrum analyzer as well as+88 dBC/Hz in the open-loop case td108 dBc/Hz when the
laser amplitude noise. The upper integration limit was set system was locked.
whign/2m = 15 kHz since contributions from higher frequen- The functional form of the harmonic number dependence of
cies could not be distinguished from the noise floor of the spegre rms noise? is according to [15p2 = ao + ay - n%, where
trum analyzer. The results are described in Fig. 2 where opghepresents the harmonic number aida, are constants that
Fig. 2(a) and closed Fig. 2(b) loop normalized sideband speciiéermine the amplitude noise and the jitter contributions, re-
measured for the first five harmonics at a resolution bandwidgpectively. Since there is no jitter contributionsat= 0, the
(RBW) of 300 Hz are shown. We note, in both cases, the iamplitude noise can be directly obtained freffL,. The jitter
crease with harmonic number of the spectral skirt level and tbentribution is then obtained fron? = ag + a2 - n% by a pa-
improvement in phase noise for all harmonics in the closed log@meter fit. Alternatively, it is common [8] to evaluate, for
case. largen values, a regime where the amplitude noise contribution

The second measurement was obtained in a separate exiseregligible and the jitter is obtained directly from the slope of
iment over a wider frequency range, 100 Hz to 1 MHz, but. versusn.
was limited to the first four harmonics. A wide band microwave Fig. 4. shows the harmonic number dependeneg.dbr the
preamplifier was used in this experiment which ensured that threked cases together with a fit t¢ = ao + ao - n2. For the
phase noise was well above the noise floor of the spectrum aB@0 Hz to 15 kHz measurement, we obtain an RMS jitter of 40 fs
lyzer over the entire frequency range and for all four harmonicsccompanied by an amplitude noise of 0.1%. This is to compare
The results shown in Fig. 3(a) show the measured absolute phagth the open loop case (not shown in the figure) where the
noise with the predictable noise increase with harmonic numbamplitude noise and jitter were 3.5% and 355 fs, respectively.
as well as the monotonic reduction of noise with the frequendye closed loop measurements were repeated for the first four
offset from the carrier over the entire spectral range for all folmarmonics with a higher resolution bandwidth (30 Hz) and the
harmonics. extracted jitter and amplitude noise values were identical.
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fluctuations. The jitter increased to 46 fs-a® dBm, 89 fs at
—12 dBm, and 106 fs at15 dBm.

The measured harmonic number dependenceZofor the
wider frequency range is also shown in Fig. 4. This fitg'fo—=
ag+az-n? yield ajitter of 43 fs for the range of 500 Hz to 1 MHz
together with an amplitude noise of 0.15%. The corresponding
values for the range of 100 Hz to 1 MHz are 57 fs and 0.2%.

To conclude, we have demonstrated a self-starting ultralow
noise optical pulse source based on a MLDL which optically
injection locks a self-oscillating photo-HBT. The source gener-
ates 15-ps-wide pulses at 10-GHz repetition rate with a timing
jitter as low as 40—43 fs and an amplitude noise of 0.1%—0.15%
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Fig. 3. (a) Phase noise spectra under closed loop conditions for the first four
harmonics. (b) Spectral shape of the 10-GHz electrical signal in the open- and
closed-loop configurations, measured with a 300-Hz resolution bandwidth. The
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Fig. 4. (@) RMS noise versus harmonic number for three closed-loop

measurements over different frequency ranges together with a curve fit tfil4]
2

02 = ag + as - n?.
The jitter in the closed loop case was also measured as a
function of the optical power coupled to the photo-HBT and[15]
the length of external fiber. The 40-fs jitter (with a power of 6]
—6 dBm) could not be improved with higher powers or longer
fibers as it reached the limit imposed by the random fiber length

over a frequency range of 500 Hz—15 kHz or 500 Hz—-1 MHz,
respectively. For a wider range 100 Hz to 1 MHz, the amplitude
noise and jitter are slightly larger, 0.2% and 0.57 fs, respectively.
Alow phase noise 10-GHz electrical signal is also generated and
can serve as a high quality synchronized reference.

REFERENCES

M. Nakazawa, T. Yamamoto, and K. R. Tamura, “1.28 Thit/s—70
km transmission using third-and fourth-order simultaneous dispersion
compensation with a phase modulatoElectron. Lett, vol. 36, pp.
2027-2029, 2000.

P. W. Juodawlkis, J. C. Twichell, G. E. Betts, J. J. Hagreaves, R.
D. Younger, J. L. Wasserman, F. J. O'Donnell, K. G. ray, and R. C.
Williamson, “Optically sampled analog-to-digital converter$EEE
Trans. Microwave Technol. Theqmpol. 49, pp. 1840-1853, Feb. 2001.
L. A. Jiang, M. E. Grein, H. A. Haus, and E. P. Ippen, “Noise of mode-
locked semiconductor laserdEEE Select. Topics Quantum Electron.
vol. 7, pp. 159-167, Mar. 2001.

M. Horowitz, C. R. Menyuk, T. F. Carruthers, and I. N. Dulling, “Theo-
retical and experimental study of harmonically modelocked fiber lasers
for optical communication systems]” Lightwave Technaqlvol. 18, pp.
1565-1574, Nov. 2000.

G. Eisenstein, R. S. Tucker, U. Koren, and S. K. Korotky, “Active
mode-locking characteristics of InGaAsP—single-mode fiber com-
posite-cavity lasersJEEE J. Quantum Electronvol. 22, pp. 142-148,
Jan. 1986.

R.S. Tucker, U. Koren, G. Raybon, C. A. Burrus, B. I. Miller, T. L. Koch,
and G. Eisenstein, “40 GHz active mode-locking in a/insmonolithic
extended-cavity laserElectron. Lett. vol. 25, pp. 621-622, 1989.

M. Margalit, M. Orenstein, and G. Eisenstein, “High repetition rate
mode locked Er fiber lasers by harmonic injection lockin@gt. Lett,

vol. 20, pp. 1791-1793, 1995.

[8] A.J. Taylor, J. M. Wiesenfeld, G. Eisenstein, and R. S. Tuckepl.

Phys. lett, vol. 49, pp. 681-683, 1986.

M. Nakazawa, E. Yoshida, and K. R. Tamura, “Ideal phase-locked-loop
operation of a GHz erbium-doped fiber laser using regenerative mode-
locking as an optical voltage controlled oscillatdgfectron. Lett, vol.

33, no. 21997, pp. 1318-1320.

T. R. Clark, T. F. Carruthers, P. J. Matthews, and I. N. Dulling, “Phase
noise measurements of ultrastable 10 GHz harmonically modelocked
fiber laser,”Electron. Lett, vol. 35, pp. 720-721, 1999.

W. Ng, R. Stephenes, D. Persechini, and K. V. Redtlggctron. Lett,

vol. 37, pp. 113-115, 2001.

X. S. Yao and L. Maleki, “Dual microwave and optical oscillatdDpt.
Lett, vol. 22, pp. 1867-1869, 1997.

X. S. Yao, L. Davis, and L. Maleki, “Coupled optoelectronic oscillators
for generating both RF signal and optical pulsds| ightwave Technql.

vol. 18, pp. 73-78, Jan. 2000.

J. Lasri, A. Bilenca, G. Eisenstein, and D. Ritter, “Optoelectronic
mixing, modulation and injection locking in millimeter wave self-os-
cillating InP/InGaAs heterojunction bipolar photo transistors: Single
and dual transistor configurationdEEE Trans. Microwave Technol.
Theory vol. 49, pp. 1934-1939, Oct. 2001.

D. van der Linde, “Characterization of the noise in continuously oper-
ating mode-locked lasers&ppl. Phys. Bvol. 39, pp. 201-217, 1986.

M. J. W. Rodwell, D. M. Bloom, and K. J. Weingarten, “Subpicosecond
laser timing stabilization,1EEE J. Quantum Electronvol. 25, pp.
817-827, Apr. 1989.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


