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Abstract—Efficient diode-pumped and harmonically mode- of soliton-type RZ data achieved by external encoding of the
locked operation of a fully packaged Ti:Er:LiNbO s waveguide pulsed laser output. This laser will be tested in soliton com-

femonstrated. The mode-iocked pulses have been charactersedUNIcation experiments within the European ACTS Project
: b ESTHER (AC063).

in terms of time-bandwidth product, fine tuning, and stability.

Noise suppression of 42 dB at the relaxation oscillation frequency
has been achieved by feedback-controlled pumping. An external ll. L ASER FABRICATION AND SETUP OF THESOLITON SOURCE

amplitude modulator has been used for encoding of the mode-  |n this section, the fabrication and properties of the different
locked pulse train with different bit sequences. Bit error rates laser components and the pigtailing and packaging together

f10710 f 1-0-1-0-bi h fi . o . . .
?han half Zrnahou?r. 0-bit sequence has been observed for MO vith additional fiberoptic components are discussed.

Index Terms—Diffusion processes, Er-doping, harmonic mode A. Laser Fabrication

locking, integrated optics, lithium niobate, optical solitons. Half (with respect to the X-direction) of the Z-cut (Y-
propagation) LiNbQ@ substrate has been doped near the sur-
face by indiffusion of a 28-nm-thick layer of vacuum-deposited
ODE-LOCKING is a versatile means to generate pulder at 1130°C during 125 h. Subsequently, photolithograph-
trains of high repetition rate and peak power. Thereforwally defined 7um-wide and 98-nm-thick Ti stripes have
a mode-locked laser emitting in the third telecommunicatidreen indiffused at 1060C during 8 h to form the 66.5-mm-
window is regarded as a very promising source for high-bileng waveguide channels. Attenuation figures of the undoped
rate soliton-type data transmission. Integrated optical versiatisannels down to 0.02 dB/cm (TE) and 0.05 dB/cm (TM)
of such a mode-locked source are rugged and have a higive been measured at 1523-nm wavelength, respectively. In
potential for miniaturization. Moreover, sources in electrooptitie doped waveguides, almost the same scattering losses can
materials allow the monolithic integration of an active modese estimated from the difference between the measured trans-
locker [1] and in this way the required synchronization to mission and absorption. The FWHM figures of the near-field
system clock for digital data transmission. intensity distributions of the modes at 1556-nm wavelength are
Er-doped LiNbQ is an attractive material for the re-6.3um x 4.4 um (width x depth; TE) and 4.em x 3.1 um
alization of such a mode-locked source. It has excelle(M), respectively. Within experimental error, the intensity
electrooptic properties and allows the incorporation of Er utistributions are identical for doped and undoped channels.
to the solid solubility limit without fluorescence quenching To avoid excess losses of the TM mode, an @6-thick
and the fabrication of high-quality Er-doped waveguides [2insulating SiQ buffer layer has been vacuum deposited onto
Using a monolithically integrated intracavity phase modulatdhe substrate surface prior to the electrode fabrication.
as mode-locker (FM-type mode-locking) and a broad-bandThe electrode structure of the intracavity traveling-wave
Fabry—Perot waveguide cavity, fundamental and harmompbase modulator (mode locker) is a symmetrical coplanar
mode-locking [3], [4], [5] have already been demonstratedhicrostrip line (as indicated in Fig. 1) with a gap to hotline
With harmonic mode-locking high pulse repetition rates camidth ratio of 0.75, a hot line width of about 1Am, and a
be achieved with long laser cavities leading especially for Hength of 15 mm. First, a thin electrode has been fabricated
doped lasers to an improved pump absorption and laser outputphotolithographic lift-off of a sandwich of 30-nm sputtered
efficiency, respectively. Ti and 120-nm sputtered Au. Subsequently, the Au structure
Using this concept, an efficient (14% slope efficiencyyas electroplated up to a thickness of 415 using a cyanidic
diode-pumped and fully packaged harmonically mode-lockékl electrolyte.
laser has been developed. In this paper, we report the fabricato determine the halfwave voltage of the intracavity phase
tion of this laser, its properties during CW and harmonicallgnodulator, the Er-doped waveguide resonator has been oper-
mode-locked operation and bit-error-rate (BER) investigatiomsed as an electrooptical spectrum analyzer [6]. As a signal,
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Fig. 1. Schematical structure of the pigtailed and packaged laser.

measured for both, TE and TM polarizations, is 5.4 V for 1
TM and 21.6 V for TE, respectively, due to the difference
between the electrooptic coefficients and the field overlaps for
TE and TM polarizations.

To drive the mode-locker, the radio frequency (RF) signal
from a highly stable generator was boosted using a low-
noise power amplifier and then fed via a bias tee to the
traveling-wave electrodes of the intracavity phase modulator.
The electrodes are terminated (ac) by atbad (see Fig. 1).

The laser cavity is comprised of a high reflector on the rear 0.2}
side and a pump input coupler of optimized output coupling
for the signal (see Fig. 1). Both mirrors consist of $i®iO, 0
layers directly deposited onto the polished waveguide endfaces 1400 lfgr? i [nm]1600 1700
using O ion-assisted reactive evaporation. The rear mirror waveleng
consists of 13 |ayer5 guarterwave at 765 nm Ieading to abdist 2. Measured reflec_tancg versus wave_length of the output _coupler resp.
989% reflectviy at both pump and signal wavelengths. THAT® SCUPler of the IEFLINDO waveaude laser cauty; sod araph
output coupler constists of 14 layers quarterwave at 946 ngat glass (coated together with the polished waveguide endface) at normal
leading to a minimum reflectivity of about 7% at the pumjicidence.
wavelength(A ~ 1480 nm) and an output coupling of the

signal of about 55% (see Fig. 2, test glass). controller, mode-locked Ti:Er:LiNb® waveguide laser with

FC receptacles for the pump input and the three outputs, SMA

connectors for RF- and bias input, RF-booster amplifier to
After characterization of the laser chip, the pump input sidtrive the modelocker, power supply, SHG generator to monitor

of the cavity was pigtailed with the common branch of ghe peak power of the mode-locked pulses, and pA meter to

fiberoptic wavelength division demultiplexer (WDM) to allowread out the SHG detector.

coupling of a pigtailed pump laser diode and extraction of the For bit-error-rate investigations, the 90% output port of the

laser output in backward direction (see Fig. 1). The WDM hdaser has been launched through a commercial Mach-Zehnder-

standard (9/12%:m) fiber pigtails. Its signal branch has beeitype Ti:LiNbO; intensity modulator for data encoding. The

optically isolated to prevent feedback-induced instabilitiemodulator has a halfwave voltagé, of 4.3 V (at 1 kHz)

The laser output is further split using two cascaded 10%/908hd an optical bandwidth~3 dB) of 5 GHz. A polarization

fiber optical power splitters for monitoring of the modecontroller has been used to adjust the input polarization state

locking stability, of the pulse peak power and to derive @ TM for maximum extinction ratio (23 dB).

control signal for feedback stabilization. FC receptacles are

provided for the pump input, for the main laser output (90%),

and for the two tap outputs (9%, 1%). The pigtailed laser Ill. SOURCE PROPERTIES

has been mounted on a thermoelectrically controlled Cu healn this section, the properties of the laser during CW and

sink allowing an accurate temperature stabilizatient-0.01 during mode-locked operation are presented. First the power

K). All the components mentioned above are assembled irclaaracteristics for CW operation and the properties of the

housing which can be plugged together with other componemt®de-locked pulses in the time- and wavelength domain are

into a common 19-in rack (see photograph of the rack Bhown. Then results of BER measurements after external data

Fig. 3). From left to right in Fig. 3, the following plug- encoding are presented. Finally, the noise properties which

ins are shown: pump laser diode with built-in polarizatiodetermine the stability of launched solitons are discussed.
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Fig. 3. Photograph of the rack-mounted, packaged soliton source (for more details see text).

A. Power Characteristics 12
To pump the Ti:Er:LiNbQ waveguide laser a high-power
laser diode of about 1480-nm center wavelength and 12-nm 9
spectral width has been used. The pump power was launched — ﬁi;;zsgg
through the WDM into the mode-locked laser (see Fig. 1). % -polarized
Up to 140 mW of incident pump power were available at g 6
the common branch of the WDM. In Fig. 4, the CW power S
characteristics of the Er laser is shown for TNHpolarized oy 3 Ag = 15620
emission at 1575-nm and T&)-polarized emission at 1562- 2 ?j:‘)g]asr'lggj'
nm wavelength, respectively. The polarization and wavelength 3
of the emission can be adjusted by the pump polarization. 0O 30 o o 750 150

With 7 (#)-polarized pumping, the Er laser emits at 1575(1562)
nm 7(o)-polarized. Threshold pump power levels and slope
efficiencies are 56 mW (65 mW) and 14.4% (13.2%)#0s)-  Fig. 4. Output power versus pump power incident at the common branch
polarized emission, respectively. Both slope efficiency arffithe/ /o WDM coupler (see Fig. 2) for both- ando-polarized emission.
output power are more than an order of magnitude better thgr? polarization-dependent emission wavelengths are indicated.

previously reported results [3], [4].

incident pump power [MW] —>

) 994.3 MHz for TE and 1029.5 MHz for TM polarization. This

B. Pulse Properties method also provides a very precise determination of the mode

Mode-locking has been achieved by phase modulation (Fi@ffective indices.
type mode-locking) synchroneously with different harmonics In Fig. 5, the laser output pulses are shown in the
of the axial-mode frequency spacing of the laser cavity. Resutt@velength- and time domain for the fifth harmonic (5.147 66
are shown for the fifth harmonic as the corresponding pul§diz) andr-polarized emission at 1575-nm wavelength for
repetition frequency at about 5 GHz is of most interest for tH@o different levels of the RF drive power. With 29 dBm of RF
ACTS project mentioned above. BER measurements have b@emer, a pulsewidth of 7.4 ps (FWHM) has been determined
carried out at the second harmonic due to actual limitations ey the deconvolution of the autocorrelation trace assuming
the data rate of the available pattern generator. a Gaussian pulse shape. Together with the spectral width of

To determine the polarization-dependent axial-mode fr8-77 nm, a time—bandwidth product of 0.68 results, indicating
quency spacing of the waveguide cavity, the laser output @slight frequency chirp of the pulses. Pulse peak power levels
CW operation was detected and the Fourier component Wi to 310 mW have been achieved which are more than
the beat frequency of the axial eigenmodes was determirsidficient for soliton generation in dispersion-shifted fibers.
using an electronic spectrum analyzer. The mode spacing=®& 16 dBm of RF power, the pulsewidth broadens to about
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Fig. 5. (a) Spectral power density versus wavelength and (b) autocorrelation trace (SH intensity) as function of the relative pulse delay fckimyode-lo
at the fifth harmonic (5.14766 GHz) im-polarized emissionX = 1575 nm).
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. L . . . emission wavelength and polarization are 1562 nm @ncespectively.
Fig. 6. Second harmonic intensity (upper solid graph, left ordinate) and
low-frequency rms noise amplitude (lower dashed graph, right ordinate) for
fifth harmonic mode-locking at 1575-nm wavelengttspolarized, versus
frequency deviation from the optimum locking condition (maximum pulse
peak power).

switch-on of
feedback loop
for controlled
pumping
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power fa. u] —>

21 ps and the spectral width can be estimated to 0.26 nm.
However, the stability of the pulses is significantly deteriorated
as can be seen from the noise on both the correlation trace and
the spectrum in Fig. 5. During these measurements, controlled
pumping of the mode-locked laser has been used to reduce the
low frequency noise (see next subsection for more details).

With o-polarized emission at 1562 nm wavelength fifth
harmonic mode-locking has been obtained at 4.971 33 GHz. P — '

. X X 0 0.4 0.8 12 1.6 2
Time-bandwidth products down to 0.45 have been achieved. ;

. .. requency [MHz] ——>
For FM mode-locking, it is well known from theory [7]

that two interleaved pulse trains can exist which are Syﬁig. 8. RIN versus frequency of the laser during fifth harmonic mode-locking
at 1575-nm wavelength-polarized, for uncontrolled and controlled pumping;

chronized with the positive and negative extremes of th}%et: transient behavior of the laser output power upon closing of the feedback
phase modulation, respectively. Due to material dispersitap for controlled pumping.

the frequency degeneracy for the excitation of these trains

is removed [7]. Using a small angle-tuned optical seconftive signal using a fast (15-GHz optical bandwidth) InGaAs
harmonic (SH) generator, we have monitored the peak poweIN photodiode and a sampling scope. The result of such a
of the mode-locked pulses as function of the fine tuning @fieasurement fot-polarized emission at 1575 nm is shown in
the RF-drive frequency for the mode-locker. Simultaneouslyjg. 6. There is a low noise regime related to a fairly stable op-
the low-frequency (bandwidth: 20 Hz—-300 kHz) rms noiseration of either of the two pulse trains where the SH generator
amplitude of the average laser output power has been recortied a strong signal. In between, both trains coexit and compete,
and the timing of the pulses monitored relative to the RFeading to a reduced peak power of the individual pulses. As a

rel. intensity noise [dB/Hz] —>
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result, the SH signal has a strong dip in this range. Obviously,We are currently investigating low-frequency intracavity
the tolerance in the RF drive frequency for stable high-peaghase modulation as a means to suppress supermode com-
power mode-locking at the fifth harmonic is about 100 kHz petition. Up to 8-dB suppression of the beat component at the
To assess the stability of the source for RZ-type solitoaxial mode frequency spacing has already been observed for
data transmission, we have launched the main output rofpolarized emission at 1575-nm wavelength.
the mode-locked laser through a Mach—Zehnder-type LiNbO
modulator and have driven the modulator with different NRZ IV.- CONCLUSION
data patterns for digital encoding. The encoded output hasWe have fabricated and investigated an efficient harmon-
been detected, amplified by 32 dB, and investigated withi@lly mode-locked Ti:Er:LiNb@ soliton source. Its power
commercial BER detector. In addition, the eye pattern of tlaracteristics, pulse properties, noise, and BER after encoding
soliton transmitter has been observed. In Fig. 7, an examplave been studied. By feedback-controlled pumping, the low-
of an eye diagram for second harmonic mode-locking of tHeequency RIN of the laser could be reduced by 42 dB. BER's
1562-nm emission of the laser is shown for a pseudorand@own to10~1° have been observed for a 1-0-1-0-bit sequence.
bit sequence (PRBS) of?2 — 1. Due to the limitations in Error-free launching of real data (broad Fourier spectrum)
the bandwidth of our preamplifier (50-MHz lower frequencyor long-haul soliton transmission at 10 Gbit/s still requires

limit), low error rates for long PRBS’s cannot be achieved better suppression of supermode competition.

Therefore, we tested the pulse stability using a 1-0-1-0-bit
sequence. With this sequence, BER’s of about!f0have
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To achieve this result, the RF-drive frequency had to be
detuned about 500 kHz from the frequency of minimum time-
bandwidth product of the mode-locked pulses. 1]
An upgrade of the BER setup will allow the investigation
of the transmitter up to tenth harmonic mode-locking in the
near future. 2]

C. Laser Noise

In mode-locked laser operation, two main contributions to
the laser noise can be distinguished: low-frequency amplitudél
noise mainly due to relaxation oscillations and spiking, re-
spectively, and for FM mode-locking the competition of the[4]
two interleaved pulse trains (as discussed above); and high-
frequency noise due to the competition of supermodes fqg;
harmonic mode-locking.

To suppress relaxation spiking of the laser during mode-
locking, 9% of the laser output were detected and the detectgy)
signal fed to a specially designed electronic control circuit.
This circuit generates and superimposes a correction compgy
nent to the injection current of the pump laser diode to suppress
relaxation oscillations. Up to 42-dB reduction of the :spectra[8
power density at the dominant peak of the noise spectrum has
been achieved, leading to a relative intensity noise (RIN) OLQ
—82.3 dB/Hz at the residual relaxation oscillation peak aroun
450 kHz for 3.5 dBm of dc electrical power (detector signal
into 50€) corresponding to 6.7 mW of average optical power[)lo]
(see Fig. 8). At frequencies above 100 MHz, the laser output is
almost shot noise limited. Only at frequencies corresponding
to integers of the axial mode spacing can significant peaks in
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