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Signal transmission experiments were performed & Gbit/s in an integrated
AlLOs:ErP* waveguide amplifier to investigate its potentigplication in high-speed
photonic integrated circuits. Net internal gainuwgd to 11 dB was measured for a
continuous-wave 1532 nm signal under 1480 nm pugpivith a threshold pump
power of 4 mW. A differential group delay of 2 pstween the TE and TM
fundamental modes of the 5.7-cm-long amplifier wasasured. When selecting a
single polarization open eye diagrams and bit eraies equal to those of the
transmission system without the amplifier were obse for a 1550 nm signal encoded
with a 170 Gbit/s return-to-zero pseudo-randofrl 2bit sequence. 2008 Optical
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1. Introduction

One of the key driving forces behind integratedagptand particularly silicon photonics, is
the potential for higher data transmission ratespared to integrated electronic circuits [0].
Data rates as high as 160 Gbit/s have been demtadsin long-haul optical fiber networks
[2] and in the future transmission at this speatdasao be expected at the chip level. In such
integrated photonic circuits, several enabling @ets would be required, including an
amplifier to boost the optical signal at variousg&ls. Semiconductor optical amplifiers
(SOAs) are well established as packaged compondatgever fabrication of such devices is
complex, requiring many processing steps, andrfoorporation of a SOA between silicon-
based passive components hybrid integration methogisequired. In addition, due to their
short carrier lifetimes of ~50 ps, when they arerafed in the saturated or quasi-saturated
gain regime SOAs exhibit transient gain suppressiod recovery which is dependent on
both the bit rate and the bit sequence [3]. This sult in cross-talk between different
wavelength channels when amplifying wavelength sibn multiplexed (WDM) signals.
Alternatively, planar erbium-doped waveguide anlg (EDWA) [4] offer a potential
solution for amplification at high speed on a chifr-doped amplifiers with their long
excited-state lifetime of ~10 ms and accordinglgder gain recovery time do not exhibit
such transient channel cross-talk. EDWAs can beslegal directly on thermally oxidized
silicon or other materials allowing all-optical s& enhancement with a straightforward
process flow [5]. Furthermore, the widespread awdlity of compact, low-cost laser diode
pump sources begins to make such devices morectatraCompared to other EDWA
materials, AlOs:Er** offers increased integration potential. Becausétfelatively high
refractive index contrast\( = 0.2 compared to the Sj@ladding), more compact waveguide

cross-sections and thus higher pump intensitiesbeaachieved, allowing higher integration



density and reducing pump power requirements [GdceRtly we have demonstrated
significantly improved continuous-wave gain withvavelength range of 80 nm and 2 dB/cm
at the 1532 nm peak in this material [7].

In the past, transmission experiments at up to bi/$susing an EDWA have been
carried out [8-10] and a packaged photoreceivarguan EDWA for 40 Gbit/s applications
has also been reported [11]. In this letter we destrate amplification at 170 Gbit/s in an

Al,O3Er* EDWA deposited on thermally oxidized silicon.

2. Al,O3:Er®*" channel waveguide gain

A 5.7-cm-long reactively co-sputtered Er-doped atwmm oxide (AbOsEr*) straight
channel waveguide amplifier was fabricated on antladly oxidized silicon substrate. The
fabrication procedure has been reported elsewhH&gel3]. The cross-sectional dimensions
of the ridge-type channel waveguide were 0.9 pmt.0 um with an etch depth of
approximately 50 nm. The uncladded waveguide waglesimode at wavelengths of 1480 nm
and above. The doping concentration, uniform thhoug the AJOs:EF* core layer, was 2.1
x 107° cm® [7].

Prior to transmission experiments, the continuease small-signal gain of the
amplifier was measured at 1532 nm (the;, — 1152 Er transition gain peak) and 1550 nm
(the wavelength at which transmission experimermevperformed). Pump light from a 1480
nm Raman laser source and signal light at 1532 ndb60 nm from a tunable laser were
combined using a WDM fiber multiplexer (MUX) andumed to and from the chip via
lensed fibers [14]. Both microlensed fibers haveade-field diameter of 2.9 pm at /ef
the intensity profile. This mode-field diameter aepps to be a good compromise to the

asymmetry of the waveguide. At the output, the desi pump light and amplified



spontaneous emission (ASE) were filtered using2&® @m tunable bandpass filter and the
signal power was measured with an optical poweem®&oth co- and counter-propagating
pump cases were investigated. The internal net Ismghal gain was calculated by
subtracting the total propagation loss from the suezd signal enhancement with pump on
and pump off. The total small-signal propagatioaslavas calculated at each wavelength
using the known background loss of 0.13 dB/cm,utated confinement of the signal light
within the ALOs:Er** waveguide core (85%) and measufeg, — *l13,, absorption cross-
sections [7]. The residual pump light and ASE waesasured by shifting the bandpass filter
2 nm from the signal wavelength and determinedemégligible (> 20 dB lower than the
amplified signal).

The resulting gain vs. pump power curves are shiowfig. 1. The average gain for
both TE- and TM-polarized signal light is shownncg similar signal enhancement was
measured for each polarization (x 0.2 dB). In tbhepmpagating case, up to 11 dB total
internal net gain at 1532 nm was measured for aclaed pump power of 63 mW, while 6.6
dB gain was measured at 1550 nm. The thresholatemeshpump power for internal net gain
was 4 mW and 3 mW at 1532 nm and 1550 nm, resgdgtiFor a launched pump power of
65 mW constant internal net gain was measured wiaeying the launched signal power
from 1 pW to 1 mW, demonstrating unsaturated gainldunched signal powers in this
range. While high internal net gain was demondtia@&ternal fiber-chip-fiber net gain was
not obtained, because the amplifier was designedrfechip amplification, hence achieving
low fiber-chip coupling loss was not consideredtle design. However, with improved
lensed fibers and appropriate waveguide desigm-tihg coupling losses on the order of 1
dB/facet are predicted, thus principally also alloyv for fiber-chip-fiber net gain.
Furthermore, in a longer amplifier internal netrgaf more than 20 dB is expected across the

entire C-band wavelength range (1525-1565 nm)TAg net internal gain measured at 1550



nm using a counter-propagating pump setup and e Gbit/s modulated signal is also
shown in Fig. 1. A higher threshold pump power Isserved for counter-propagating
pumping as compared to the co-propagating pump une@ent. The difference in the two
curves is probably due to a difference in pump tagpefficiency between the two lensed
fibers. Net gain of up to 6.3 dB at 1550 nm wasiaad in the counter-propagating setup

when the launched pump power was increased to 40 m
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Fig. 1. Internal net small signal gain at 1532 nmd 4550 nm (for co-propagating pumping
and counter-propagating pumping with 170 Gbit/sxgigas a function of launched 1480 nm

pump power

3. 170 Gbhit/s transmission measurements

Transmission experiments were performed at a té o 170 Gbit/s on the PERSYST
platform. The experimental setup is depicted schieally in Fig. 2. The transmitter was
composed of a 42.5 GHz optical clock generated feorfiltered and chirp-compensated

guantum dash Fabry-Perot mode-locked laser sourtd5® nm [15, 16]. Following this, a



LINbO3 Mach-Zehnder Interferometer (MZI) was modulatedctbnically by a pattern
generator to obtain a 42.5 Gbit/62 return-to-zero pseudo-random bit sequence (PRBS)
The transmitter ended with an optical time divismanltiplexing (OTDM) bit rate multiplier
that multiplexed four delayed versions of the signesulting in a 170 Gbit/s data stream
consisting of pulses with a full width at half maxim (FWHM) of 1.5 ps. An erbium-doped
fiber amplifier (EDFA) was then used to boost tignal followed by an optical attenuator
and polarization controller to adjust the amounpoter and the polarization of the signal
light coupled to the device, respectively. An optlisolator was used to eliminate any back-
scattered pump or signal light. The 1550 nm 17Q/&ignal was coupled to and from the
chip via the microlensed fibers. 1480 nm pump lifghtn a Raman pump laser source was
coupled to the chip in a counter-propagating apgrassing a fiber multiplexer (MUX). A
reverse-pumping scheme was selected because ifif@thpthe transmission setup by
eliminating the need for filtering of residual puntight in front of the receiver. The
transmitted signal was amplified by an EDFA befengering the receiver part of the setup.
The first part of the receiver was composed of @ tb742.5 Gbit/s optical demultiplexer and
an optical clock recovery based on an electro-ggtgorption modulator (EAM) and phase-
locked loop. Following this, the signal light wastected by a 42.5 Gbit/s electrical time
division demultiplexing receiver (ETDM). An opticalampling oscilloscope (with 1 ps

resolution) was used for visualization.
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Fig. 2. Experimental setup for 170 Gbit/s transmissneasurements

In initial transmission experiments with a randomblarized signal it was observed
that two polarization modes were present. In otdenvestigate the polarization dependence
of the amplifier, the differential group delay (D between the fundamental TE and TM
modes in the pumped and unpumped EDWA was meassiag a continuous tunable laser
source and a DGD analyzer. In both cases the DG® faiand to be approximately 2 ps
corresponding to a waveguide birefringence of ~Z0X. The impact of DGD on the 170
Gbit/s signal was also clearly observed in the éygram as shown in Figs. 3 (a-c), by
varying the polarization controller state. Thisg@ation dependence should not affect the
system when used in a transmitter in a photonegiatted circuit, for instance, even though it
would affect signal quality in an in-line use oéttevice. However, by careful design of the
waveguides the birefringence can be largely redyit&fl so that polarization-independent
amplification even at these bit rates can be obthinFor all bit error rate (BER)
measurements a single polarization state was sdlést adjusting the polarization controller

on one fundamental mode. Typical eye diagrams withiee EDWA and with the EDWA



and a single polarization are shown in Figs. 4af@] (b), respectively. The eye pattern is

open and the pulse FWHM is 2 ps in both cases.
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Fig. 3. Transmission eye diagrams for differentapiahtion states of the 170 Gbit/s signal
coupled to the EDWA. In each image two overlayets@urains are visible as a result of
differential group delay between the fundamentalafid TM polarized modes supported by
the EDWA. The input signal polarization state wagusted such that in (a) both modes
propagated with almost equal intensity, (b) one enags more strongly excited, and (c)

almost a single polarization mode was excited.
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Fig. 4. Transmission eye diagrams at 170 Gbit/sv{tjout EDWA and (b) with EDWA and

a launched signal power of 0.5 mW and counter-ggapag pump power of 65 m\W

In order to determine the compatibility of the devin a telecommunication application,
BER assessments were performed on the device. EReviBas measured as a function of the
input power on the ETDM 42.5 Gbit/s receiver fds tdW and 0.1 mW of signal power and
a pump power of 65 mW launched into the EDWA. Aerefice was measured with the same
input power in EDFA 2 as with the EDWA includeddrder to take into account the fiber-to-
fiber losses (~10 dB when pumped) of the EDWA. Tdwults are shown in Fig. 5. For each
input signal power, the curve with the EDWA is sygesed with the reference, showing that
when the polarization state is properly adjustad, EDWA does not add any penalty to the
system. A minimum launched signal power of 0.1 m@swvestigated in this setup in order

to ensure sufficient power reached the receivewd¥er, based on the negligible ASE in the



small-signal gain measurements and with improvegloog losses, no penalties can also be

expected in the EDWA for launched signal powerthe1-10 pW range.
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Fig. 5. 170 Gbit/s BER measurements for differannched signal poweR and a launched
pump power of 65 mW as a function of the input powae the 42.5 Gbit/s receiver. A
reference measurement with EDWA removed and idandiptical power launched into the

receiver is also shown.

4. Conclusions

Net internal gain of up to 11 dB at 1532 nm andadednsmission at 170 Gbit/s at 1550 nm
have been demonstrated in an integratedDAEr* amplifier when pumping at 1480 nm.
Despite a DGD of 2 ps between the two guided pdéion modes of the amplifier, no BER
power penalty was observed at 170 Gbit/s by imgcthe signal in a single fundamental
polarization state. The ability to amplify signas high data rates, when combined with

straightforward fabrication techniques and the fmil#y to integrate with various materials,
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confirm such amplifiers as potential componentduture high-speed photonic integrated

circuits.
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