> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

1

Direct Modulation of Hybrid Integrated InP/Si
Transmitters for short and long reach access network
G. de Valicourt, G. Levaufre, Y. Pointurier, A. Le Liepvre, J.-C. Antona, C. Jany, A. Accard, F. Lelarge, D. Make, and
G.-H. Duan
Abstract— Recent progresses on hybrid InP/Si integration are
presented for achieving high performance tunable transmitters
for cost-sensitive wavelength division multiplexing (WDM) access
networks. We demonstrate the generation of on-off keying
(OOK) non-return to zero (NRZ) modulation format using
several types of integrated directly modulated and tunable lasers.
The use of the high output power hybrid silicon transmitter
enables up to 28.5 dB optical budget at BER = 3.8 x 10-3 (in-band
FEC assumed) under 10 Gbit/s direct modulation over 25 km and
50 km. Long-reach transmission over 100 km single-mode fiber is
also demonstrated. Based on an enhanced modulation bandwidth
hybrid laser, we successfully achieve 21.4 Gbit/s direct
modulation including FEC overhead on 12 wavelengths over a
short-reach access link (10 km).
Index Terms— Hybrid InP/Si laser, Integrated optics devices,
colorless Optical Network unit, Passive optical Network, Access
Network

I. INTRODUCTION

O

ver the last years, silicon photonics has been viewed as

one of the most promising candidates to allow high-density
integration and production in high volumes, thereby
dramatically reducing fabrication costs. Today, hybridation
between silicon passive material and active III-V material is
the most efficient way to provide integrated laser sources
using the silicon platform. Continuous wavelength tunable
hybrid silicon lasers were reported [1] and a first milestone
towards an integrated hybrid transmitter was achieved when a
2.5 Gb/s then a 4 Gb/s modulation were applied to a singlewavelength silicon evanescent laser at 1597.5 nm [2]. Later, a
10 Gb/s directly modulated hybrid laser was demonstrated at
1544 nm [3].

proposed by the Full Service Access Network community in
2011 [4]. At least 40 Gbit/s aggregate rate in downstream and
10 Gbit/s in upstream, 40 km reach, 1:64 split ratio, and
1 Gbit/s access rate per Optical Network Unit (ONU) are
required. A Time and Wavelength Division multiplexed
passive optical network system with 4 pairs of wavelengths
was proposed to meet these requirements providing aggregate
rate of 40 Gbit/s and 10 Gbit/s in downstream and upstream,
respectively [5]. However to further increase the PON
capacity, more wavelengths could be added and the bit rate per
wavelength could be increased. Therefore 10 Gbit/s
transmitters for colorless operation at the ONU have been
investigated for cost effective migration with simple inventory
control. Tunable laser technologies could enable a high
performance colorless ONU with low power consumption but
the cost points required for adoption in the access network
segment are still limiting factors [6, 7]. Therefore, wavelength
tunable and directly modulated hybrid lasers were proposed to
build a colorless transmitter reconfigurable onto one of four
possible wavelengths at 10 Gb/s [8]. These new devices pave
the way for wavelength-agile optical access networks, and
offer a new range of possibilities in terms of resources

(a)

However one promising solution for the next generation of
optical access networks is to use Wavelength-Division
Multiplexing (WDM) in order to increase aggregate data bit
rate. Therefore, tunable sources are needed in order to address
the different wavelengths. However cost and compatibility
with existing passive optical network (PON) networks are still
important issues to be considered. The next generation passive
optical network (NG-PON) stage 2 requirements were
This work was supported in part by the French project MICROS.
G. de Valicourt is with Bell Laboratories, Alcatel-Lucent, 791 Holmdel
Road, Holmdel, NJ 07733, USA
G. Levaufre, A. Accard, A. Leliepvre, D. Make, F. Lelarge and G.-H.
Duan are with III-V Lab, a joint lab of 'Alcatel-Lucent Bell Labs France',
'Thales Research and Technology' and 'CEA Leti', Campus
Polytechnique, 1, Avenue A. Fresnel, 91767 Palaiseau cedex, France.
Y. Pointurier and J-C Antona are with Alcatel-Lucent Bell Labs, 91620
Nozay, France
Christophe Jany is with III-V Lab, a joint lab of 'Alcatel-Lucent Bell Labs
France', 'Thales Research and Technology' and 'CEA Leti', LETI,
Minatec, 17 rue des Martyrs, F-38054 GRENOBLE cedex 9, France.

(b)
Fig. 1. Schematic view of two hybrid III-V/Si laser designs with
(a) vertical grating coupling (design 1) and with (b) cleaved facet
coupling (design 2)
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photon resonance [11]. This effect has been used in a passive
feedback section distributed feedback (DFB) laser with
monolithic integration on InP in order to obtain direct
modulation up to 40 Gbit/s on a single wavelength [12]. We
investigated a high direct modulation bandwidth and Vernier
tunable hybrid silicon laser leveraging such photon-photon
resonance. The device is successfully directly modulated at
21.4 Gb/s (20 Gb/s after 7% FEC) on 12 possible wavelengths
with transmission over 10 km of standard single mode fiber
(SMF) with no dispersion compensation [13]. In this paper, we
review the latest achievements done on directly modulated and
tunable hybrid InP/Si lasers. We detail the design in Section II
and the static characteristic in section III. The dynamic of such
devices is then studied in section IV as well as the possibility
of improving the modulation bandwidth thanks to a second
resonance. The impact of this second optical mode is modeled
and also experimentally observed on the output spectrum. It
can be finely controlled by adjusting the length of the external
cavity through the heating of ring resonators. Finally, in
Section V, we assess the systems performances of such
devices by studying the tunability behavior under modulation
of such devices, the maximum reach and maximum data bit
rate depending on the appropriated laser design.
II. DESIGN OF HYBRID III-V ON SILICON LASER

(b)
Fig. 2. (a) Calculated transmission of each separated rings
(superimposed) and (b) calculated transmission for the full cavity

optimization through architecture reconfiguration. Later on,
such hybrid devices were used to demonstrated transmission
over 60 km at 10 Gb/s s on-off keying (OOK) non return to
zero (NRZ) optical upstream signals by simple direct
modulation of the current of the hybrid tunable laser [9]. More
recently, a novel high-output power device was used to
generate a 10 Gbit/s OOK-NRZ signal and tune on
6 wavelengths. We demonstrated transmission over 100 km
distance and high optical budget (at least 29 dB over 25 and
50 km for a hard-decision forward error correction (HD-FEC)compatible bit-error rate (BER) of 3.8 x 10-3 with 7%
overhead), which is compatible with medium- and long-reach
access network requirements [10]. However, directly
modulated laser are limited by the modulation bandwidth,
typically at 10 Gb/s per wavelength. Lasers with direct
modulation at 20 Gb/s or more are of strong interest for a
number of applications, in particular short-reach access,
mobile backhaul and datacenters, where links are short (<10
km). In order to increase the data rate, the Electro-Optic (E/O)
modulation bandwidth has to be increased. A second
resonance frequency in the modulation response has been
observed in multi-section lasers leading to enhanced E/O
modulation bandwidth and was attributed to a second mode
that is spectrally close to the main mode, due to the photon-

Our chips consist of a passive part in silicon and an active
section based on InP. The III-V part was bonded onto the
silicon wafer and then the active waveguide was processed.
The modal transfer between III-V and silicon is achieved by
tapers. The details of additional parameters such as the length
and width of the gain region have been described in [14]. In
the silicon part, two ring resonators allow single mode
selection and wavelength tuning. The strip silicon waveguide
are used.
In the first design, the active zone was localized in the center
with one ring resonator in each side and a vertical coupler at
the output to couple the light out into the optical fiber. The
length of the III-V material is around 900 µm and the total
cavity length between 1.5 mm to few mm. Longer cavity is
needed in order to obtain closer longitudinal optical mode
which can be used to enhance the modulation bandwidth (as
described in IV) however a trade-off between a good mode
selectivity and such effect need to be considered. The cavity is
closed using high-reflection Bragg grating (reflection
estimated to be close to 90%). However high coupling losing
were obtained (~ 8 dB) such limiting the coupled output
power of the device [Fig. 1 (a)]. To overcome this limitation,
we propose a novel hybrid silicon laser design. Both ring
resonators (RR) have been designed to be in the same side of
the III-V waveguide. This configuration allows cleaving in the
III-V part and using edge coupling therefore reducing the
coupling losses as represented in Fig. 1 (b). A reflection
around 30 % is calculated from the cleaved facet and the
cavity is closed using a similar Bragg grating as in the
previous design. In such case, the III-V length is reduced to
around 500 µm and the cavity length to 1 mm. For both
designs, Metal heaters are processed on the top of the ring
resonators to thermally tune the ring resonator peaks
wavelengths and a Peltier element is used to control the on-
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Fig. 3. Tuning characteristics of the hybrid III-V/Si laser at a laser temperature of 20°C for design 1: (a) Light-intensity and Voltage-intensity
curves (b) Lasing wavelength and side mode suppression ratio (SMSR) as a function of the electrical power injected to the heater (c) Power
measured in the output single mode fiber as a function of the heater injected electrical power and for design 2: (d) Light-intensity and Voltageintensity curves (e) Lasing wavelength and side mode suppression ratio (SMSR) as a function of the electrical power injected to the heater. (f)
Power measured in the output single mode fiber as a function of the heater injected electrical power

chip temperature. The temperature changes induced by the
metal headers do not affect the performances of the gain
section. The ring resonators, Ring 1 and Ring 2, are designed
to have an expected free spectral range (FSR) of 400 and 440
GHz respectively. The offset of the ring FSRs creates a
Vernier effect as shown in Fig. 2 (a) so this laser allows single
mode operation and wavelength tunability over 37 nm only
using the ring resonators thermo-optical effect. The calculated
transmittance of the double ring resonators is shown in Fig. 2
(b). More than 15 dB of suppression is calculated between the
selected mode and the neighbor mode ensuring single
wavelength selection. The wavelength tuning range is
calculated to be around 37 nm due to the Vernier effect
because the filter produces constructive interferences 37 nm
apart (two peak wavelengths). However only one mode is
expected to lase due to the superposition of the material gain
function and the transmittance of such filter. The temperature
dependency of refractive indices allows controlling the peak
wavelength of a resonant filter. Taking into account the
temperature dependency of the materials refractive indices, the
effective refractive index variation was simulated for the
fundamental TE mode to be 2.01 x 10-4 K-1. Tuning one ring
by the difference in the FSRs causes a selected wavelength
shift of the FSR of the other ring, giving discrete tuning over
the full 37 nm, whereas tuning both rings simultaneously
allows continuous tuning. The Fabry-Perot (FP) cavity, which
is the full round trip through the device, induces extra FP
longitudinal mode. Such mode are selected via the Vernier
effect as explained previously but can also use to enhance the
modulation bandwidth if there are spectrally closed together as
explained in section IV-B. However the spacing between the
FP longitudinal modes need to be large enough to ensure a

good mode selection.
III. STATIC PERFORMANCES
We first consider the design 1 [fig. 1 (a)]. A typical Ligthcurrent (L-I curve) for a double ring resonator hybrid laser is
shown in Fig. 3 (a). Output power is exceeding 6 mW under
100 mA bias for a 400 µm long active region however using a
large area photodetector. Power fluctuations along the bias
range are due to mode hopping in accordance with the
integrated ring filter, as the Fabry-Perot modes shift with the
thermal elevation sustained by the active region. It is shown
that the current threshold is lower than 20 mA at 20°C. The
power consumption of such a device is thus rather low, with
about 150 mW electrical power injected at a favorable
working point, leading to a total efficiency of 4 %. Moreover,
as introduced in part I, this design is capable of wavelength
tuning along a wide range, up to 37 nm. In the Fig.3 (b), the
selected design for direct modulation operation has a 35 nm
span, with a mode free spectral range of 3 nm. The FreeSpectral range of the integrated ring resonator are respectively
400 Ghz and 440 GHz as described previously. The SMSR is
also measured as a function of the heater injected electrical
power and shows values above 40 dB. In such device, the
coupling losses were very high (~ 8 dB) which limited the
coupling power into the fiber down to -5 dBm. The coupled
output power was not stable when tuning the device with
fluctuations of more than 6 dB as shown in Fig. 3 (c). Then we
measure the second design of the tunable hybrid laser. Fig. 3.
(d) shows the L-I curve. The demonstrated laser has a 30 mA
threshold. The chip facet output power measurement is
performed on a large area photodetector. The strong ripple
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appearing in the L-I curve is due to the Fabry-Perot mode hops
associated with gain section thermal effects with injection
current. These mode hops are limited to 2 dB. Fig. 3. (e) and
(f) show the lasing wavelength, the side mode suppression
ratio (SMSR) and the power coupled to a fiber as a function of
the electrical power injected in the unique heater, for laser
current of 80 mA, at 20 °C. The lasing wavelength
characteristic looks regular. The fixed RR also changes
temperature resulting in smaller grid spacing. This effect can
also be seen on the steps that are not flat, corresponding to a
variation of the second RR peak wavelengths. The spectrum
shift of the “fixed“ RR corresponds to thermal crosstalk
between the two heaters. Despite this perturbed thermal
crosstalk, the SMSR is maintained at an excellent level of 39
dB to 45 dB except on the step jumps, where the lasing
wavelength changes to the next interference order in the
adjustable RR. The output power demonstrates a stable
behavior when tuning the laser: the power coupled to the fiber
remains between 0.7 dBm and 1.2 dBm corresponding to a
channel non-uniformity of less than 2.2 dB. For increased
heater power over 150 mW, the maximum channel power
decreases. At lower wavelength, the laser power is suffering
from Bragg grating reflector detuning and lower material gain.
Lasers with other parameters exhibit lasing from 1530 nm to
1560 nm.
IV. SMALL SIGNAL ANALYSIS
We measured the small-signal modulation bandwidth of a
hybrid tunable laser based on design 2, with a 1mm long
cavity integrating 2 ring resonators. The power is coupled
from a cleaved faced in the III-V waveguide. The electronphoton resonance takes places around 2 GHz, depending on
the injected current, leading to an optical bandwidth (OBW) of
approximately 3 GHz, as presented in Fig. 4 (a). It appears
that such a device may not be capable of sustaining direct
modulation operation at high data bit rate (10 Gbit/s or
higher). However the direct modulation of the laser current
leads to a modulation of the carrier density giving rise to a
chirp frequency. As the electrical input current increases,
carrier density also increases. It is known that the linewidth

(a)
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enhancement factor is positive in a gain medium such as in
laser then the chirp parameters is positive too. Therefore,
under modulated electrical current, the frequency components
of the leading edge of the pulse are blue-shifted and the
trailing edge red-shifted because the chirp is positive. This
results in a broadened linewidth and a laser wavelength drift.
Then it is possible to use a filter narrow enough in order to
take advantage of the wavelength shift and to compensate the
chromatic dispersion along short-mid range propagations [15].
In our specific case, the use of such double ring resonator
filter based tunable lasers allow chirp filtering and by proper
tuning of the laser the extinction ratio can be improved (the
“0” level is further suppress). Error free performance over
long distance at 10 Gbit/s can be demonstrated even with such
limited bandwidth (part V). We experimentally evaluated both
the module and phase values of 2β/m along the modulation
frequency range where m is the modulation rate in power and
β is the modulation rate in frequency. The measurement
technique using an optical discriminator based on a tunable
Mach-Zehnder interferometer is presented in [16]. In our
experiment, the maximum frequency is about in the 15 GHz
range therefore the factor 2β/m directly equals the laser’s αH
factor as explained in [16]. As depicted in Fig. 4 (b), the αH
module falls in the average range of standard chirp value for
directly modulated lasers with a variation from 6 to 7 for 55
mA and 112 mA respectively. The phase variation is also very
similar to what has been measured on single mode laser [16].
Although the 2β/m behavior and the value of αH will not
modify the back-to-back BER performance, nevertheless they
will play an important role in the BER performances after
transmission due to the chromatic dispersion of the optical
fiber. In order to modulate to higher bit rate, an E/O
bandwidth improvement is needed, using for example a
second photon-photon resonance. Carrier-photon (CP)
interaction, which appears in classic DFB lasers, limits the
modulation speed and directly modulated lasers are usually
limited to only 10 Gb/s operation even with a chirp-managed
laser design. Based on design 1, we leverage a second
frequency resonance that is due to the photon-photon (PP)
interaction. This extra resonance results from the modebeating between two spectrally neighbored longitudinal modes

(b)
Fig. 4. (a) Optical modulation bandwidth and (b) Module and phase of the αH factor at different operating currents for a hybrid InP/Si
tunable laser.
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(a)
(b)
(c)
Fig. 5. E/O response: (a) comparison between measurement and using model [14] (b) for various input electrical current (c) for
various external delay times T (s).

of the laser cavity, thus increasing the E/O modulation
bandwidth. In the scientific literature, we could find the PP
resonance in all multi-section laser concepts such as
distributed bragg reflector (DBR) lasers, two-section DFB
lasers, coupled-cavity injection grating lasers, active-feedback
lasers and passive-feedback lasers. For the first time, we
demonstrate a tunable hybrid III-V on silicon laser with the
double resonance phenomenon for 21.4 Gb/s direct
modulation. The passive cavity uses a double ring resonator
design made on silicon waveguides as described in part I. The
occurrence at the second resonance frequency in the
modulation response can be modeled as an external cavity
behavior of these lasers diodes. The expression for a single
long cavity, which is partly active and partly passive, can be
modeled as in the following equation from [17]:
𝑅 𝑤 =
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c0
nr

τ
ε

a
kc
T
Gth

Parameter
Speed of light
Refractive index
Radiative
recombination
lifetime
Nonlinear gain
coefficient
Differential gain
Feedback
coefficient
delay time in the
external cavity
Gain threshold

value
3e8
4.3

unit
m/s
----

1

ns

1.6e-22

m -3

20e-16

cm2

1e11

s-1

3e-11

s

1.44e12

s-1

(1)

is the photon density for a given injected

bias current, T is the delay time in the external cavity
(determined by its length and refractive index), a is the
differential gain, kc is the feedback coefficient, V is the volume
of the active zone, Gth is the threshold gain, ε is the non linear
gain coefficient and vg is the group velocity (c0/nr).

(a)

Table 1: Parameters used in the model
for Fig. 5 (b) and (c)

Denote by I the intensity of the current injected in the gain
section of the laser and R1 the intensity of the current injected
in the ring resonators. The E/O modulation at I = 110 mA is
measured and compared to this model (list of parameters in
Tab. 1) as shown in Fig. 5 (a). The impact of the intensity of
the current injected in the gain section of the laser and the
delay time T in the external cavity are modeled and
represented in Fig. 5 (b) and (c), respectively. The second

(b)

Fig. 6. (a) Output spectra depending on the active zone bias current `I’ (mA) and (b) ring resonators bias current `R1’(mA). Inset: eye
diagrams and Variation of delay time in the external cavity as a function of the variation of the ring resonators bias current.
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optical mode is spectrally close to the main mode and can be
observed on the modulated spectra when the optical
modulation sideband is being resonantly amplified by the
cavity. The measured spectra under 21.4 Gb/s OOK
modulation is presented in Fig. 6. In Fig. 6 (a), we can
observed that the spacing between the two longitudinal modes
is weakly affected by the change of input electrical current in
the gain section as expected from the theory (the second
resonance almost stay at the same frequency as presented in
Fig. 5 [b]). However this second frequency resonance is
controlled by the round trip time T in the external laser cavity
and can be adjusted by finely tuning the resonances of the ring
resonators through thermal effects via current R1 as modeled
in Fig. 5 (c) and measured in Fig. 6 (b).
This spacing between both optical modes can be modified by
changing the external passive cavity length by heating one
ring resonator (R1) in order to shift the PP resonance. When
the PP frequency is too far from the CP frequency, the
modulation side mode has too low energy because it is not
properly amplified, and the eye diagram closes. When the PP
frequency is too close to the main mode, the second mode
starts lasing due to too high energy, again resulting in eye
closure. Fine tuning is mandatory, as demonstrated by the eye

diagrams in the insets in Fig. 6 (b). The relation between the
variation of the ring resonator bias current (R1) and the
variation of the delay time in the external cavity (T) is
presented in the inset of Fig. 6 (b) and have been extracted
from the experimental and simulation data of Fig. 5 (c) and
Fig. 6 (b). Overall, wavelength tuning is achieved via coarse
tuning of R1 while the PP phenomenon and hence maximum
modulation bandwidth can be controlled via fine tuning of R1,
such that high speed modulation up to 21.4 Gb/s on several
wavelengths over the C band is obtained by combining both
the PP resonance and the Vernier effects.
V. ACCESS NETWORK IMPLEMENTATION
A. Back-to-back performances
In the back-to-back (btb) configuration, BER measurements
are realized to evaluate the performances of the upstream
transmitter. The hybrid laser is biased at 112 mA (as studied in
section IV). The binary sequence is generated using pulse

(a)
(a)

(b)
Fig. 7. (a) BER measurements depending on the received optical
power for various upstream wavelengths in back-to-back
configuration and (b) Upstream spectra under 10 Gbit/s NRZ
modulation.
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(b)
Fig. 8. BER measurements depending on the received optical
power (a) on the received upstream data at 2.5 and 10 Gbit/s and
(b) Eye diagrams in B2B and after transmission
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pattern generator and the length of the sequence was 27 – 1.
The receiver processes the data coming from the hybrid laser.
It incorporates a 10 Gbit/s direct-detection commercial
avalanche photodiode detector which provides a better
sensitivity compared to the PIN photodiode used in [8]. Fig. 7
(a) presents the BER measurements on the different
wavelengths corresponding to the allocation plan shown in
Fig. 7 (b). The BER on the upstream data is shown with a
sensitivity around -29.25 dBm at 3.8 x 10-3 which corresponds
to 7 % hard decision FEC limit as in [18]. As expected, the
hybrid silicon laser under modulation is tuned on six different
wavelengths into the C-Band and less than ±1.25 dB
wavelength dependence of sensitivity penalty is observed with
a sensitivity range between -30.5 dBm to -27.75 dBm for a
BER of 3.8 x 10-3. Extinction ratios between 4 to 6 dB are
observed at 10 Gbit/s depending on the selected wavelength. It
can be explained by the different working conditions as the
extinction ratio directly depends on the bias current as well as
on the filtering from the ring resonators (as detailed
previously). The different extinction ratios impact the back to
back performances as low extinction ratio induces receiver
sensitivity degradation due to signal to noise ratio degradation.
B. Medium to Long-reach passive optical network
We now use the second laser design to ensure high output
power coupled into the fiber (reduction of the coupling
losses). Compared to previous prototype for NG-PON2 [8], no
extra amplification using Erbium Doped Fiber Amplifiers is
used in our set-up. The same experimental set-up and
operation conditions are used as in the back-to-back
experiment. Hybrid silicon lasers are directly modulated at 10
Gbit/s under a 27-1 pseudo-random binary sequence. A single
mode fiber, possibly extended up to 100km, and a variable
attenuator emulating the PON splitting module, link the hybrid
silicon laser with the receiver. We report the measured BER
versus the received optical power in Fig. 8 (a) for the upstream
transmissions at 1544.6 nm. At 2.5 Gbit/s, the sensibility
penalty with the propagation distance is less than 1 dB for a
BER of 3.8 x 10-3 for distances up to 100 km. Error free
operation after FEC was achieved with a minimum optical
budget of 32 dB. At 10 Gbit/s, power sensitivities of -29 dBm,

7

-29 dBm, -27.5 dBm, -26.5 dBm and -24.5 dBm for BER of
3.8 x 10-3 are obtained after upstream transmission
respectively in back-to-back (b t b), 25 km, 50 km, 75 km and
100 km as represented in Fig. 8 (a). After a 100km link,
penalties up to 5.5 dB are measured, mainly caused by
chromatic dispersion. However after 25 km and 50 km, which
cover most of the current distribution of fiber lengths in PONs,
less than 1.5 dB of penalty is obtained. The eye diagrams are
presented in Fig. 10 (b) for the several distances.
C. Short-reach passive optical network
We use our hybrid III-V on silicon laser as a tunable
transmitter in order to transmit directly modulated OOK
signals on various wavelengths. The hybrid silicon laser is
biased at 150 mA and directly modulated, driven by the output
of a digital to analog converter (DAC) in order to generate a
21.4 Gb/s OOK signal, corresponding to 20 Gb/s data rate
including a 7 % hard decision forward error correction (FEC)
overhead. A DAC is programmed to output De Bruijn
sequences of length 213. The ADC sampling rate, analog
bandwidth and bit resolution are 56 GSa/s, 12 GHz and 8 bits
respectively. The coupled output power into the optical fiber
is close to -8 dBm. In our experiment the coupling is done
using vertical Bragg grating in the silicon part with 8 dB of
coupling losses and an EDFA is used to compensate these
losses. (Note that in a deployed system the coupling losses
could be reduced down to 3 dB, so that no EDFA would be
needed.) An optical spectrum analyzer is placed after the
EDFA to verify the single mode operation. A 10km-long span
of standard single mode fiber and a variable attenuator
emulating the splitter links the transmitter to the receiver. The
signal at the output of the receiver is sampled with a real-time
oscilloscope (2 million points acquisition), and the traces are
processed offline on a computer. The real-time oscilloscope
has a sampling rate, analog bandwidth and bit resolution of 50
GSa/s, 16 GHz and 8 bits, respectively. The BER is obtained
after off-line processing, which consist of digital clock
recovery (using a peak search on the Fourier transform of the
trace), resampling, low pass filtering (at 0.7 x 21.4 GHz) and
finally standard combined threshold optimization and
detection (the threshold that minimizes BER is retained).

21.4	
  G	
  

(a)
(b)
Fig. 9. BER measurements depending on the received optical power for various wavelengths (a) in back-to-back configuration and (b)
after 10 km of propagation in SMF under 21.4 Gbit/s NRZ modulation.
.
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Therefore, the setup is baudrate-independent as a large range
of symbol rate could be generated using the DAC and
recovered using the proposed off-line processing. The BER in
the btb configuration is shown in Fig. 9 (a) for 12 distinct
wavelengths. The hard decision FEC limit corresponds to the
same BER threshold as in the previous experiment. For every
wavelength, the ring resonator R1 is finely tuned in order to
open the eye diagram as described in Section IV then BER
below the FEC limit is obtained for both btb and after 10 km
transmission as presented in Fig. 9 (b). Less than 3 dB
sensitivity penalty is obtained for every channel,
demonstrating that the device can effectively be modulated at
high data bit rate (21.4 Gb/s) and tuned within the C-band for
relatively short link distances (10 km or less).
VI. CONCLUSIONS
We studied the use of directly modulated and tunable hybrid
InP/Si laser for next generation passive optical network. We
demonstrated a novel high output power directly-modulated
and tunable hybrid III-V/Silicon laser as colorless ONU
source in long-reach WDM-PON architecture. This device
allows us to extend the reach of the link to 100 km compared
to the standard 20 km. High optical budget is demonstrated up
to 33 dB @ 2.5 Gbit/s and 30.5 dB @ 10 Gbit/s in btb and a
minimum of 32 dB @ 2.5 Gbit/s and 28.5 dB @ 10 Gbit/s for
25 km and 50 km. First results of the wavelength tunability
(six different wavelengths) are presented. The optical output
power coupled into the fiber is weakly affected during the
wavelength tuning (less than 2.2 dB) as well as the sensivity
(less than 2.5 dB). Then we proposed and demonstrated a high
speed directly-modulated and tunable hybrid III-V/Silicon
laser. The direct modulation E/O bandwidth is improved
thanks to a second resonance frequency, which can be
described as a photon-photon resonance. The impact of this
second optical mode is also experimentally observed on the
output spectrum and can be finely controlled by adjusting the
length of the external cavity through the heating of ring
resonators. Large signal modulation at 21.4 Gb/s is obtained
over any of 12 wavelengths by combining this PP extra
resonance frequency with the Vernier effect to tune the hybrid
silicon laser within the C-band. We achieve 20 Gb/s data rate
(after 7 % FEC decoding) even after 10 km of propagation
over standard single mode fiber without dispersion
compensation, making the transmitter suitable for short-haul
applications such as metro, mobile backhaul, or intradatacenter networking. Such devices show a great potential
but remaining challenges need to be overcome such as the
wavelength operation stability (no need of a wavelength
locker). In the future, both design ideas could be combined in
order to obtain a high-speed and high optical power hybrid
tunable transmitter.
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