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Hybrid Silicon-Fiber Tunable Multi-Wavelength
Laser with Switchable Frequency Spacing

Jean-Michel Vallée, Philippe Jean, Wei Shi, Member, IEEE

Abstract—Agile optical systems and elastic optical networks
demand for flexible, high-performance laser sources. We demon-
strate a hybrid silicon-fiber laser that can be largely tuned in
wavelength, switched in frequency spacing and easily switched
between multi- and single-wavelength operations. Single-mode
laser with a fiber-coupled output power of 6 to 8 dBm was
measured across the spectral range of 1545 nm to 1560 nm. No
significant sign of power limitation from nonlinear absorption or
free carrier generation in silicon was found. It is thus expected
that a higher output can be obtained by improving the gain
saturation performances as well as the fiber-to-chip coupling
efficiency. For multi-wavelength operation, we have achieved a
frequency spacing switchable between 56 GHz, 75 GHz, and 225
GHz. For both the multi- and single-wavelength operations, a
linewidth of less than 20 kHz was measured. All the tuning
mechanisms have been realized on the silicon chip, providing
a scalable solution for tunable fiber lasers with minimized cost
and integration complexity.

Index Terms—Comb filters, Hybrid solution methods, Optical
Fiber Lasers, Ring lasers, Silicon-on-insulator technology, Ther-
mooptic effects, Tunable filters,

I. INTRODUCTION

EMERGING optical systems in dynamic contexts demand
for flexible, high-performance laser sources. For instance,

application fields such as sensing and gas detection, wave-
length division multiplexing (WDM) [1], light detection and
ranging (LIDAR) and spectrum analysis [2] can largely benefit
from highly tunable lasers. Elastic optical networks [3] require
flexible coherent transceivers with both tunable data rate and
bandwidth, for which multi-wavelength sources with tunability
in both center wavelength and frequency spacing are of great
interest for dynamic spectral resource allocation. For example,
laser sources allowing switchable frequency spacing in the
microwave region are of great interest for the development
of the 5G technologies. Accordingly, a switchable spacing
(10, 20, and 30 GHz) multi-wavelength fiber laser based on
nonlinear effects was newly demonstrated [4].

In recent years, silicon photonics has been propelled as a
leading technology in photonic integrated circuits (PIC). Its
heading platform is the silicon-on-insulator (SOI) featuring
220-nm-thick wafers with a 2-µm buried oxide (BOX). The
high optical confinement, the low propagation loss in telecom-
munications band, high volume and low-cost production, and
the integration with electronic devices are responsible for
the success of this technology. The potential of SOI-based
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light processing has allowed numerous filter designs with
high quality factor (Q-factor) [5], extinction ratio (ER) and
tuning performances. Such integrated cavities are highly de-
sirable for the making of versatile tunable lasers. For instance,
demonstrations of resonant silicon-based cavities using Vernier
effect have shown widely tuned single-wavelength lasers [6],
[7]. However, the indirect band-gap of the silicon hampers
the material to accomplish efficient radiative recombinations
which is a major hurdle to the full development of the
functionalities of the silicon photonics. Thus, there have been
considerable efforts focused on combining laser sources to the
actual silicon platform.

Recent advances [8] in the heterogeneous integration of
a direct band-gap III-V compound semiconductor on silicon
platform as a gain medium for a laser source provide a
promising solution. However, this approach still has to face a
good number of challenges, such as thermal management and
the complexity of the integration process (e.g. wafer bonding).

Alternatively, many all-fiber filters operated as comb cavi-
ties for a multi-wavelength laser operating at the C-band have
been demonstrated. All-fiber lasers benefit from high-quality
gain medium in doped fibers for high-power operation across
a broad spectral window. Examples of all-fiber filter architec-
tures include Lyot birefringent fiber filters [9], fiber Sagnac
loop mirrors [10], Mach-Zehnder interferometers (MZI) [11],
Fabry-Pérot filters [12] and chirped or sampled fiber gratings
[13]. More recently, a single-multi-single (SMS) mode fiber
interferometer allowing to the realization of a tunable-spacing
(118 to 130 GHz) multi-wavelength laser was reported [14].
However, unlike silicon technology, the mature technology
of optical fiber cannot achieve complex and highly flexible
filter without relying on a complex architecture scheme. They
require numerous optical components, which is bulky and
subject to instabilities due to external perturbations such as
temperature and vibrations [15].

While recent research effort was mainly focused on either
all-fiber or III-V-silicon heterogeneous integration, there have
been only a few demonstrations of hybrid silicon-based lasers
with external erbium-doped fibers for passive [16] and active
wavelength tuning using fiber elements [17] or an integrated
filter on silicon [18]. Among the few demonstrations, there
are two single-longitudinal-mode (SLM) erbium-doped fiber
lasers incorporating a silicon-on-insulator (SOI) micro-ring
resonator (MMR) as optical filter that were demonstrated.
In the first case, the SLM was achieved by employing a
saturable absorber [19] while it was achieved by employing
a compound-ring architecture [20] in the other case. In both
cases, a SOI MMR was used as fixed grid filter, and the

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

National Science and Engineering Research Council of Canada (NSERC) Funding: STPGP 494358-16



2

EDFA SOAPC

OSA
WAFT

Metal (heaters)
SiO2
SiO2
Si

Optical fiber (SMF-28) Coupler

   98/2 

Coupler

   98/2 

PM

PM

IN
OUT

Drop 

Add

Fig. 1. Experimental set-up of the hybrid silicon-doped-fiber tunable laser: the fiber elements are edge-coupled to the silicon chip by a waveguide array fiber
transposer (WAFT); the gain is provided by an Erbium doped fiber amplifier (EDFA) assisted by a semiconductor optical amplifier (SOA); the polarization
is controlled with a polarization controller (PC); two power-meters (PM) are used to monitoring the circulating power in the cavity.

lasing wavelength selectivity was obtained by controlling the
birefringent loss with a polarization controller. Furthermore,
erbium-doped mode-locked ring fiber laser incorporating SOI
MRR were also reported. The mode-locking mechanism was
based either on a piece of highly nonlinear fiber [21] or via
nonlinear broadening in the SOI MRR itself [22] and finally
a phase modulator was added in the cavity to enhance the
ER [23]. However, these hybrid laser prototypes were either
only for single wavelength operation or with a fixed frequency
spacing, and did not take advantage of the potential of light
processing that the silicon photonics platform could offer.

In this paper, we present a flexible multi-wavelength laser,
combining the merits of doped optical fibers and the flexible
optical signal processing in silicon photonics. Here, the device
presented can be easily switched between single-wavelength
and multi-wavelength operations and offers tunable center
wavelength as well as switchable frequency spacing. All the
laser tuning mechanisms are realized on the silicon chip,
allowing to reduce the number of optical components. The
versatility of the design makes it likely to adapt the cavity to
different types of rare-earth-doped fibers.

II. MODELLING AND CHARACTERIZATION OF THE CAVITY

A schematic of our proposed hybrid silicon-fiber tunable
laser is shown in Fig.1. A ring cavity is formed by bringing
together the fiber elements required to provide the optical
amplification and the silicon-based tunable filter. The ring
cavity configuration was chosen instead of a standing-wave
cavity because it eases the unidirectional oscillation for higher
output power and better mode stability [24]. The laser tuning
is achieved on the silicon chip using the Vernier effect between
two nested resonant cavities with MZI-based thermo-optic
switches.

A. Hybrid Laser cavity

As shown in Fig.1, the hybrid cavity consists of a silicon
tunable filter, an erbium-doped fiber amplifier (EDFA), a
polarization controller (PC), a semiconductor optical amplifier
(SOA), and a Waveguide Array to Fiber Transposer (WAFT,
provided by Teem Photonics) for the fiber to chip coupling
with an insertion loss in the range of 1.5 to 2 dB per facet
over the entire C-band. Two fused-fiber 2% couplers were
positioned at the input and the output of the filter (see Fig.1)
in order to monitor the injected power into the chip as well
as the loss of the silicon-based intra-cavity filter. While set
to optimize the Q-factor, the measured insertion loss of the
filter, including the loss from the coupling is 9.5±1.0 dB.
The total loss of the cavity for both the optical fiber elements
(≈ 1.5 ± 0.5 dB) and the silicon-based filter (≈ 9.5 ± 1.0
dB) is approximately 11.0±1.5 dB. The uncertainty on the
measures is mostly due to the mechanic-optical alignment in
our experiment and can be significantly suppressed through
optical packaging.

The total length of the ring cavity measured with an Optical
Vector Analyzer (OVA) is 13.1 m, which gives a round-trip
time (Trt ) of 64 ns with the assumption that the propagation
is predominantly in silica fiber. The time delay for only
the silicon-filter can be neglected since it is around 0.1 ns;
this value was inferred from the measured Q-factor value of
5.7×104 of the passive silicon-based cavity (the Q-factor was
obtained from the silicon filter transmission in Fig.3).

The expression of the Q-factor can be expressed by Eq.(1)
[24]:

Q =
2πcTrt
λδc

, (1)

where δc is the losses per round-trip. Given the previously
introduced Trt and the total loss per round-trip of 11.0±1.5
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dB, the Q-factor of the ring laser cavity can be estimated to
be ranging from 2.7×107 to 3.6×107 at 1550 nm.
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Fig. 2. Layout of the silicon-based filter formed by two nested cavities with
the different paths (path 1 and path 2) .

B. Silicon-based filter

The schematic of the silicon-based filter is shown in Fig.2.
The red paths represent the silicon waveguides and the blue
elements are metallic elements acting as electrical heaters for
the tuning. The device was designed based on a 220-nm-thick
SOI wafer with a 2-µm buried oxide (BOX) and fabricated by
AMF, Singapore via CMC Microsystems. The filter is made of
two nested cavities, whose round-trip lengths are distinguished
by the two paths labeled as path 1 and path 2. It is also
comprising four balanced MZI used as thermo-optic switch
(TOS).

The MZI-based TOSs allow to fully control losses and
input/output (IO) coupling of the cavities by exploiting the
thermo-optic effects in silicon. The TOS 3 and 4 control the
coupling ratio between the two different paths (Path 1 and 2,
corresponding to Cavity 1 and 2, respectively, in Fig. 2) while
TOS 1 and 2 control the loss and coupling into the whole
filter. The TOS has an insertion loss of less than 0.32 dB and
consumes a power in a range of 18 mW to 22 mW for a π
phase shift. More details on the design and characteristics of
the TOS are presented in Appendix A.

The various paths of the filter that are highlighted in Fig.3
gives three different resonant cavities labeled as Cavity 1,
Cavity 2 and Coupled Cavity. The round trip length for the
shortest path (Cavity 1) and for the longest (Cavity 2) are
respectively 775 µm and 1024 µm. Based on Vernier effect,
an extended free spectral range (FSR) is obtained by setting
the TOS 3 and 4 to equally couple the signal into both paths
(Coupled Cavity).
The extended FSR is given by the following expression (2) :

FSR3 =

∣∣∣∣ FSR2 · FSR1

FSR2 − FSR1

∣∣∣∣ =
c

ng

∣∣∣∣ 1

∆L1−2

∣∣∣∣ , (2)

where FSR1,2 are the free spectral range of the nested ring
cavity of path 1 and path 2, FSR3 is the extended free spectral
range, ng is the group index of the signal and ∆L1−2 is the
difference of length between path 1 and path 2.

From Fig.3 we observe that the insertion loss of the silicon
filter is around 5 dB (without fiber-to-chip coupling losses).
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Fig. 3. Transmission at drop port of the filter for each cavity configurations :
(a) Cavity 2, (b) Cavity 1; (c) both cavities (coupled cavity) for an extended
FSR by the Vernier effect.

This relatively high insertion loss is a compromise as a result
of optimizing the Q-factor values of the passive cavity, which
are 5.7×104 (Fig.3a), 3.6×104 (Fig.3b) and 2.1×104 (Fig.3c)
for Cavity 2, Cavity 1, and Coupled Cavity respectively.

The out-of-band rejection ratio for both Cavity 1 and 2
is around 16 dB. For the Coupled Cavity, the side-mode-
suppression ratio (SMSR), i.e., the difference between the
main peaks and their two adjacent side peaks, is ranging from
4 dB to 9 dB. However, as we will see in Section III, the
SMSR can be significantly enhanced in laser operation.

An analytical model of the tunable silicon filter was realized
using Scattering Matrix formalism [25]. The block diagram of
the hybrid laser cavity used for the analytical model is shown
in Fig.4. Each optical components that are represented by the
blocks in Fig.4 was modelized with a 4×4 scattering matrix,
and then a comprehensive solution was solved using Matlab.
This modular method allows to eventually extend the model
with additional nested cavities.

In Fig.3, the analytical solution (black-dotted curves) of the
cavity for each wavelength-spacing configuration is compared
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Fig. 4. Block diagram of the hybrid laser cavity.

to the experimental results (solid-colored curves). An excellent
agreement is found between the experimental curves and the
analytical model.

C. Gain

The optical amplification was provided by an EDFA (INO
FAF-50) assisted by a SOA. The EDFA has a small-signal
gain of 38 dB in its gain saturated regime. In such conditions,
the saturated signal was approximately 15 dBm (see Appendix
B).

A SOA was added to the cavity because of its inhomoge-
neous gain that allows suppressing mode competitions arising
from erbium and thus increase the stability and the flatness
of the laser. The SOA was also operating in the saturation
regime with a saturated output signal of 12 dBm. Since the
saturated output signal of the SOA was smaller than that of the
EDFA, the SOA was placed before the EDFA to maximize the
available circulating power. Note that the use of SOA was not
mandatory and it could have been replaced by an integrated
nonlinear stabilizer [26].

III. EXPERIMENTAL RESULTS OF LASER OPERATION

The tunable laser cavity, switchable between multi- and
single-wavelength, was achieved by coupling the erbium-
doped fiber with the silicon-based filter. The multi-wavelength
laser operation was obtained by properly setting the cavity
loss in varying the powers applied to the TOSs so that several
longitudinal modes reach the lasing condition. The flexibility
of the IO couplers (TOS 1 and TOS 2 in Fig.2) allows a trade-
off between the loss and the Q-factor of the silicon filter.

Fig.5 shows the spectrum of the multi-wavelength laser
centered at different wavelengths across C-band for each FSR
configurations. The measured wavelength spacings are 0.45
nm, 0.60 nm and 1.80 nm (56 GHz, 75 GHz, and 225 GHz) for
Cavity 1, Cavity 2, and Coupled Cavity (Fig. 3), respectively.

The number of excited modes per signal ranges between 4
and 7 and a flatness better than 3 dB of the four most signif-
icant laser lines was measured for all the configurations. The
laser signal with 7 excited modes, represented in Fig.6, was
obtained with the smallest wavelength spacing configurations
(Cavity 2 in Fig.2). The peak power for the first 6 excited
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Fig. 5. Laser spectrum in multi-wavelength operation for different cavity
configurations as shown in Fig. 2: (a) Cavity 2; (b) Cavity 1; (c) Coupled
Cavity. The central wavelength is tunable between 1547 nm and 1563 nm
by varying the powers applied to the heaters simultaneously: solid, dash-
dotted, and dotted curves are for low power, medium power, and high power,
respectively.

modes are ranging from -3.3 to -0.3 dBm; the 7th mode has
a peak power of -5 dBm.
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Fig. 6. Signal of a multi-wavelength laser with up to 7 excited mode and
with an FSR of 0.45 nm.
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For all the cavity configurations, a peak power between -
5 dBm and 0.5 dBm was measured with an extinction ratio
of >30 dB. The central wavelength of the spectrum could be
tuned between 1545 nm and 1560 nm by thermally changing
the phase of the cavity using the micro-heaters on the silicon
chip.
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Fig. 7. Signal of the backward propagating signal (solid-red curve) and the
forward propagating signal (dotted-black curve).

The backward-propagating signal in the cavity has also
been investigated since optical unidirectional out-coupling
laser light is fundamental in all-optical processing. The one
direction propagation is possible thanks to non-reciprocal
devices such as optical fiber isolators. Since integrating an
optical isolator on silicon remains a great challenge due to the
material incompatibility between semiconductor and magneto-
optical materials [27], we have used the integrated optical
isolator of the EDFA in order to inhibit the majority of the
backward signal propagating in the cavity.

At the add port (see Fig.1), we measured a low-intensity
contra-propagating signal that is mostly due to the backscatter-
ing effects in the silicon filter. In Fig.7, one sees the forward-
and backward-propagating signals. While the strongest peak
power of the forward signal is 0 dBm, we measured only -
20 dBm for the peak of the contra-propagating signal. The
extinction ratio (peak to background) for the backward signal
is 42 dB against 30 dB measured for the forward signal.

The single-wavelength operation is obtained by increasing
loss in the cavity by thermally tuning the TOSs so that only
one mode reaches the threshold condition. Fig.8 shows the
measured signal of the single-wavelength operation with an 8
dBm fiber-coupled peak power at 1553 nm, an extinction ratio
>35 dB, and a SMSR of 31 dB. Changing the power applied to
the heaters in the silicon filter, we tuned the center wavelength
of the single mode laser from 1545 to 1560 nm and measured
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Fig. 8. Laser spectrum of the single-wavelength operation at 1553 nm and
1562 nm with a peak power of 8 dBm and 6 dBm and an SMSR of 31 dB
and 36 dB, respectively.

an optical power larger than 6 dBm and an SMSR up to 40
dB.

The two 2% fiber couplers (Fig.1) were used to infer the
overall SOI filter losses (including coupling losses with the
fiber module). It was found that these losses did not depend
on the optical signal level injected in the SOI (up to 14.5±0.5
dBm) meaning that at least up to this level, no sign of nonlinear
absorption or free carrier generation was found. In fact, the
signal output was more likely limited by the saturation level of
the EDFA and SOA assembly. It is thus expected that a higher
output could be obtained by improving the gain saturation
performance of the EDFA or by improving the fiber-to-chip
coupling loss.

We measured the stability for both the multi- and single-
wavelength laser regimes. For the single-wavelength laser,
the signal spectrum evolution over time is shown in Fig.9a
whereas its measured peak power and center wavelength
variation over a period of 15 min are shown in Fig.9b. Here,
for an average output power of 5.50 dBm centered at 1550.45
nm, the standard deviations for both the output power and
center wavelength were 0.27 dBm and 0.01 nm respectively.

As for the multi-wavelength laser operation (shown in
Fig.10), the center wavelength of the 5 most significant peaks
along with their standard deviation are 1558.99 ± 0.30 nm,
1559.76 ± 0.30 nm, 1560.51 ± 0.30 nm, 1561.27 ± 0.30
nm and 1562.10 ± 0.30 nm and their corresponding power
fluctuations along with their standard deviation are -3.09 ±
0.72 dBm, -3.29 ± 0.62 dBm, -2.85± 0.49 dBm, -2.51 ±
0.82 dBm and -2.29 ± 0.97 dBm.

We measured the linewidth of the hybrid laser by using a
delayed self-heterodyne method with a delay arm formed by
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Fig. 10. Power stability as a function of the time for the multi-wavelength
laser.

50 km of optical fiber and a phase modulator operating at 3
GHz on the other arm. The optical signal was converted to
electrical signal by a 10 GHz photodiode and then analyzed
by a 50 GHz RF spectrum analyzer. In doing so, we measured
a linewidth of 18 kHz for the hybrid laser while running in
single-wavelength regime. The linewidth corresponds to the
full-width-half-max (FWHM) of a Gaussian curve-fitting as
shown in Fig.11. The measured Gaussian line shape indicates
that the linewidth is dominated by stochastic noise (e.g. ther-
mal noise, instantaneous phase, vibrations, etc.) that broaden
the natural Lorentzian linewidth of the laser.

IV. CONCLUSION

We have demonstrated a tunable hybrid ring laser with
switchable frequency spacing formed by coupling a silicon-
based flexible filter with an EDFA. The design of nested
cavities with the Vernier effect allows the dynamically selected
frequency spacing of a multi-wavelength laser, between 56
GHz, 75 GHz and 225 GHz. The number of excited modes
per signal ranges between 4 and 7 and a flatness better than 3
dB for the four most significant laser lines was measured for
all the configurations of the multi-wavelength laser. In single
mode operation, we have obtained fiber-coupled peak power
up to 8 dBm with a measured linewidth of 18 kHz.
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Fig. 11. Measured laser linewidth of 18 kHz from Gaussian curve-fitting
in single-wavelength operation obtained by using delayed self-heterodyne
method.

Thanks to the scalability of silicon photonic circuits, we
can further increase the number of possible configurations
by increasing the number of nested cavities. Moreover, the
tunable couplers of the filter allow to control the wavelength
selectivity of the cavity and therefore to operate the laser either
in the multi- or single-wavelength regime. This novel hybrid
design makes the best use of mature silicon photonics and fiber
processes, offering a solution for highly flexible, high-power
lasers that may find crucial applications, e.g., for high-capacity
optical transmissions and flexible optical networks.

APPENDIX A
THERMO-OPTIC SWITCH

The TOS is composed of two 3dB directional couplers and
two arms with a length of 70 µm, each having an electrical
heater for thermal control of the optical phase. The TOS is
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illustrated in Fig.12a and its normalized transmission in dB as
a function of the applied power in mW is shown in Fig.12b.
We found that the π phase shift power is about 20 mW.

The analytical expression of the crossing transmission of a
balanced MZI-based thermo-optic switch [28] that we used to
fit with experimental data is given by:

Tcross =
1

2

(
1 + cos

(
−2π

λ
· Larm · dndT · ∆T

))
,

where Larm is the length of one arm of the TOS, dndT =
1.87×10−4 K−1 is the thermo-optic coefficient and ∆T is the
temperature increase applied to one arm.
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Fig. 12. (a) Schematic of the thermo-optic switch. (b) Transmission of the
thermo-optic switch (TOS) as a function of the applied power.

APPENDIX B
GAIN PARAMETERS

The pump power of the INO FAF-50 Benchtop Erbium-
Doped Fiber Amplifier was set to 200 mW for operating in
gain saturated regime. In order to characterize the gain, a seed
laser signal at 1550 nm was injected into the EDFA and the
output signal was measured with a power-meter.

Both of the output power and the gain with respect to the
input signal are shown in Fig.13a and Fig.13b, respectively.
For input signals of -30 dBm and -4 dBm, we measured output
powers of 8.0 dBm and 15.0 dBm, respectively. Under such
conditions, a small-signal gain of 38 dB was inferred.
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Fig. 13. Characterization of (a) the output power and (b) the gain of the
EDFA as a function of the injected laser signal at 1550 nm.
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