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Abstract: A laser source that is both narrow-linewidth and frequency-agile is essential for
FMCW applications, such as LIDAR or distributed optical fiber sensing (DOFS). In this work,
we present the design and characterization of a laser architecture based on the heterogeneous
integration of III-V gain material on a SiN photonic circuit that meets these specifications. By
incorporating a dual-ring resonator mirror in the cavity, we achieved a linewidth of 2.4 kHz and
a large frequency excursion. We obtained chirps with an amplitude of 20 GHz, with residual
nonlinearities of less than 1%. A preliminary DOFS measurement was carried out, demonstrating
the excellent performance of the laser.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Distributed optical fiber sensors (DOFS) are one of the most promising technologies in the sensor
industry. With an ever-expanding range of applications since their emergence in the late ‘80s,
they can now be found in many fields [1], from bio-chemistry to infrastructure monitoring [2]
and seismology [3]. Their principle relies on the sensitivity of optical fibers to their environment,
enabling them to quantify physical quantities such as temperature, pressure or strain. In addition to
interacting with the transmitted optical signal, all these quantities will also affect the backscattered
light along the fiber. Rayleigh backscattering is commonly used in DOFS applications [4]. It
is caused by impurities naturally present in the fiber, which are very small compared to the
propagating telecom wavelength. Thanks to the random distribution of these scatterers, the light
is back-reflected all along the fiber, enabling the latter to be used for distributed sensing. The
backscattered signal can be analyzed at the fiber input using two distinct methods [5]: OTDR
(optical time domain reflectometry) and OFDR (optical frequency domain reflectometry). OFDR
is based on an approach similar to the FMCW (frequency modulated continuous wave) technique
used in radar and lidar [6]. Unlike OTDR, where position mapping is performed in the time
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domain, OFDR techniques transpose position in frequency domain. The principle of OFDR
is illustrated in Fig. 1. A CW laser source with linearly swept frequency probes the device
under test (DUT) interferometer. The first arm (1) of the interferometer includes a circulator to
interrogate the fiber under test (FUT) and recover the backscattered signal. The second arm (2)
acts solely as a local oscillator. When the two arms are recombined on a detector, the reflectivity
profile in the FUT is mapped into the electrical spectrum of the photodetection signal. The laser
source frequency ramp waveform is defined by the laser modulation period (7,,4), the chirp
amplitude (Af) and its chirp linearity. An auxiliary interferometer is commonly used to calibrate
the frequency modulation and thus better compensate for chirp nonlinearities by post-processing
or pre-compensation.

Tunable coupler

DUT interferometer

Fig. 1. OFDR interrogator schematic diagram.

To demodulate an OFDR signal, two steps are required. First, we consider a sample of
the electrical beat signal of duration 7,,,;, on which we perform a Fourier transform. The
environment of the fiber affects the amplitude and/or phase of the beatnotes. The second step
consists in linking the frequency domain to the spatial domain, according to the following relation:

2.n.5.2

fo=yT=y7. (1
with y = Af/T,0q the frequency sweeping rate, n.g the effective index of the FUT and z the
distance from the scattering center, c is the light velocity in vacuum. The sensor’s theoretical
spatial resolution (Azmin), Which corresponds to the minimum distance that can be resolved
between two scattering centers, is thus directly linked to the frequency resolution of the Fourier
transform. In FMCW, the theoretical spectral resolution of the Fourier Transform is equal to the
inverse of the sample duration 1/7},,, (temporal windowing), leading to the following equation:

1 c
Afb,min =0 = AZmin

= — )
Tmod 2.ngﬁ.Af

As a result, the spatial resolution of the sensor is directly proportional to the inverse of the
chirp amplitude. Assuming that an OFDR spectrum is acquired every 7},,4, the sensor’s detection
bandwidth By is thus equal to [0, 1/27,,,4] to meet Shannon’s criterion. Additionally, the
optical phase noise of the laser affects the noise floor of the measurement. Therefore, it is crucial
to use a narrow linewidth laser, in particular for long interrogation distances. In summary, DOFS
performance is extremely dependent on the laser source used for an OFDR-type approach. Among
the semiconductor lasers, DBR lasers [7] have the advantage of being compact and can produce
chirps of several tens of GHz, corresponding to sub-cm spatial resolution. However, their wide
linewidth (>100 kHz) significantly degrades the noise floor of the measurement and limits their
use. Alternatively, recent advances in low-loss materials such as silicon or silicon nitride have
led to the development of high-quality ring resonators that drastically improve the laser linewidth
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when using an external cavity geometry. These rings can be placed directly in the laser cavity by
hybrid [8] or heterogeneous [9] integration with a III-V material, thus narrowing the linewidth
below ten kHz or even sub kHz. They can also be used together with a DFB for self-injection
locking to achieve linewidths of a few tens of Hz [10]. However, the use of ring resonators limits
the chirp amplitude to the filter bandwidth. Therefore, simultaneous modulation of the filter and
longitudinal modes is required to achieve large chirp amplitude. Frequency modulation on SiN
resonators can be achieved either by inverse piezoelectric effect or by thermo-optic effect. The
former enables fast modulation (>100 kHz) but with limited efficiency (a few GHz), while the
latter enables large excursions (several tens of GHz) but with a modulation frequency of no more
than 10 kHz.

Finally, the architecture of a DOFS is not limited solely to that of its laser, and the ultimate
goal of this work is to develop a complete architecture that integrates not only the laser, but also
the interferometer and the photodetector. This is one major interest of the platform presented
in this paper, which combines the ultra-low losses of SiN with the active functionality of InP
through micro-transfer printing (uTP). uTP is a promising heterogeneous integration process that
enables different materials to be combined on the same platform, in a scalable fashion. To achieve
this, coupons of III-V SOAs are transferred onto a SiN wafer [11]. In this paper, we present in
detail the design and characterization of an FMCW laser source based on the heterogeneous
integration of III-V material on SiN. Using a dual ring-resonators mirror, we obtained a narrow
laser linewidth (2.4 kHz) and chirp excursions >20 GHz. This performance made it possible
to realize a first dynamic OFDR measurement, demonstrating the high potential of the realized
architecture and the platform for DOFS applications.

2. Tunable laser source

The laser circuit design layout is shown in Fig. 2, with its four main constitutive building blocks,
namely (a) the tunable output coupler, (b) the gain section, (c) the phase section and (d) the
frequency selective back mirror. The passive sections (building blocks (a), (c) and (d)) are
realized on a SiN circuit, while the active section (b) is realized on an InP SOA coupon before
being transferred to the SiN platform [11]. In order to overcome the significant refractive
index mismatch between SiN and InP, a two-stage adiabatic structure with an a-Si:H waveguide
interlayer has been developed. This allows a good coupling efficiency to be achieved [12]. Details
of the platform and fabrication process steps can be found in [13].

Fig. 2. Laser cavity design. (a) Front mirror, (b) gain medium, (c) phase section,
(d) frequency selective back mirror.

The front mirror (a) is built on a Sagnac loop mirror closed by a Mach-Zehnder interferometer
with 500um-length thermo-optic phase shifters on both arms. Applying a voltage to the phase
shifters then allows to modify the ratio between the optical intensity exiting the laser cavity and
the intensity back-reflected to the gain medium. Typically, the mirror is set to 50% reflectivity
to optimize laser output. The laser cavity gain medium (b) is based on an InGaAlAs/InGaAs
multi-quantum wells (MQW) structure. The phase section (c) is a 500 um length thermo-optic
phase shifter, used to align the laser cavity modes with the intracavity filter central frequency.
The frequency selective back mirror (d) is composed of two cascaded add-drop ring resonator
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filters followed by a Sagnac loop mirror. The design of this last block is the most important for
the laser performances.

2.1. Design of the frequency selective mirror

Inserting a ring resonator mirror in the cavity has three objectives: high reflectivity, wavelength
selectivity (to ensure the laser’s single-mode behavior) and linewidth enhancement. The Sagnac
loop ensures reflectivity, while frequency filtering is based on the Vernier effect obtained by
cascading two ring resonators of slightly different diameters in an add-drop configuration. The
transmission of each ring and the resulting transmission of this combination are shown in Fig. 3(a).
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Fig. 3. (a) Schematic of the optical transmission of the individual rings (blue and red),
and optical transmission of the cascaded rings (Vernier effect). (b) Definition and design
parameters of the Vernier filter.

To design the filter, three parameters need to be defined: the radius of the smaller ring (r), the
radius of the larger one (r, = r; + AR) and the coupling of the ring to the waveguide (k). The
latter depends on the gap between them, set identical for the two rings.

To tune the filter (i.e., the lasing frequency), the free spectral range (FSR) of the rings is
adjusted using the thermo-optic effect. The smallest ring radius is set to 100 um, large enough
to allow the 2; phase shift required for a complete tunability of the laser within the current
acceptance of the heaters. Then we set the difference between the radii (AR). Figure 3(a) shows
that the reflection maximum occurs when the wavelength satisfies the resonance condition of the
two rings. The FSRyemier resulting from the combination of two ring resonators is given by the
following equation [14].

FSR,.FSR,

FSRVernter - |FSR1 — FSR2| (3)
with FSR,, = A%/ 2m.R,.n, the FSR of the resonator n. The lower AR, the higher the equivalent
FSR. The advantage of a high FSRymi., is to increase the laser’s tuning range by ensuring
its single-mode behavior over a wide bandwidth. Typically, FSRyemier>25 nm is sufficient to
maintain single-mode operation, which corresponds to a radius difference of less than 7.5 pm.
On the other hand, if AR is too low, the filter’s side mode suppression ratio (SMSR) decreases, as
shown in Fig. 4(a). Therefore a first trade-off has to be found between the filter’s SMSR and its
FSR. Moreover, the filter’s SMSR also depends on the coupling coefficient x of the resonators.

The latter depends on the gap between the waveguide and the ring (see Fig. 3(b)). This
coefficient is important in design optimization, as it determines the loaded quality factor (Q-factor)
of the resonator, which affects the frequency selectivity of the ring and the laser linewidth.
The loaded Q-factor can be defined as the ratio between the filter’s center wavelength and the
resonance’s full width at half maximum (FWHM) [15]. In other words, a high Q-factor will give
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Fig. 4. (a) Simulated Vernier FSR (left axis) and Vernier SMSR (right axis) for different
values of the ring coupling ratio « as a function of AR. (b) Illustration of the side mode
suppression ratio (SMSR) of the Vernier filter.

a better rejection of the Vernier filter modes, and also of the laser longitudinal modes, thanks to
a narrower filter resonance (see Fig. 4(b)). A SMSR of 10 to 15 dB is sufficient to guarantee
the laser’s single-mode behavior. However, if the coupling is too weak (i.e., Q-Factor too high),
the filter insertion loss can increase due to the waveguide propagation loss. There is therefore a
second compromise to be found in order to combine a sufficient SMSR with the lowest insertion
loss. Considering propagation losses between 5 dB/m and 25 dB/m in the worst-case scenario
limits the loaded quality factor to below 60,000.

2.2. Laser linewidth

In DOFS applications, the laser’s linewidth is a crucial parameter for interrogating long fiber
distances with a low noise floor, requiring the use of high-quality ring resonators in the cavity.
In particular, the multiple turns performed in each of the rings extend the length of the cavity,
leading to a reduction in the laser’s linewidth. According to the formalism used by Kazarinov
and Henry [16], when the cavity is coupled with a resonator, the Lorenztian linewidth of a
semiconductor laser (Avsr) is reduced by a factor F? = (1 + A + B)?, where:

A
Av = ;jT )
A= l.d(beﬂ(w) (5)
7 dw
_ ay dIn(reg(w)])
= ©)

with 71y the round-trip time of a photon in the active section, ay the linewidth enhancement factor,
¢ep(w) and |r.p(w)| the respective phase and amplitude terms of the complex reflectivity of the
mirror. Figure 5(c) illustrates the relationship between the loaded Q-Factor and the linewidth
reduction factor F? as a function of the coupling between the ring and the waveguide. In order to
meet the requirements of DOFS applications, a linewidth below 10 kHz is expected. Given that
the linewidth of a semiconductor laser without high-Q cavities is a few MHz, a reduction in laser
linewidth of a few 100 to 1000 times is required, corresponding to a loaded Q-factor between
30,000 and 60,000. To observe the effect of the quality factor on laser linewidth, we studied
two laser designs. The first laser has a fixed gap between ring and bus waveguide of 0.5 um,
resulting in a loaded quality factor of 30,000, while the second laser has a fixed gap of 0.6 um,
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resulting in a loaded quality factor of 60,000. The ring radii are fixed at 100 um and 105.96 pm
for both lasers. Figure 5(a) presents the spectrum obtained from the through port of the smallest
ring, with a radius of 100 um, in the two laser configurations studied. The experimental loaded
Q-Factor values of 38 k and 57 k were deduced from the full-width at half-maximum (FWHM)
of the notch, which aligns with the expected values of 30 k and 60 k, respectively. These high
quality factors enabled single-mode operation on both lasers with side-mode suppression ratio
(SMSR) values of 57 dB and 60 dB respectively (Fig. 5(b)).

Figure 5(d) displays the optical frequency noise measured at an input power of 0.25 mW for
both lasers using the self-heterodyne method with a 50 m delay line [16,17]. From the white
noise floor (f,,) we extract the Lorentzian linewidth Av = x.f,,. The laser with a filter loaded
Q-factor of 30,000 has a linewidth of 9.9 kHz, while the laser with a filter loaded Q-factor of
60,000 has a linewidth of 2.4 kHz. These results are in excellent agreement with the simulated
F? reduction factor for the two different coupling coefficients (1/244 for 30,000 and 1/898 for
60,000 Q-factor).
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Fig. 5. (a) Transmission spectrum obtained on the through port of MRRs with a radius
of 100 um for a gap of 0.5 um (blue) and 0.6 um (orange). (b) Optical spectrum for the
two different lasers studied. (c) Linewidth reduction factor F and corresponding filter
loaded Q-factor as a function of the rings coupling coefficient «. Values for the limits
k=0.042 and x=0.084 are indicated with arrows (loaded Q = 60,000 and 30,000 respectively).
(d) Frequency noise spectrum for the two different lasers studied

For a DOFS application, it is necessary to maintain the linewidth constant during the chirp.
Therefore, we investigated its evolution as a function of frequency detuning. The minimum
linewidth is obtained for a slightly negative detuning from the filter central frequency, where F?
is at its maximum. This phenomenon is linked to the B coefficient of Eq. (6), which describes
a process of laser frequency stabilization by negative feedback effect [9] when dr.p(w)/dw>0.
The B factor therefore reaches a maximum when the laser frequency is slightly lower than that of
the filter’s reflection maximum. We verified experimentally this phenomenon by varying the
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phase in the cavity to slightly modify the laser frequency. Figure 6 shows the experimental and
simulated results of linewidth evolution as a function of frequency detuning for the two laser
configurations studied. The blue dots show the laser output power.
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Fig. 6. Laser output power and the extracted linewidth from frequency noise measurement
as a function of the detuned frequency for the two architectures studied (a) Q = 30,000 and
(b) Q=60,000. The solid line shows the theoretical curve calculated from Eq. (4) with
ap = 2.5 and the experimentally measured output power.

We observe a good agreement between the measurements and the simulation for both lasers.
Additionally, the influence of coefficient B is evidenced, with a minimal linewidth obtained for a
slight negative detuning from the filter’s central frequency, while a positive detuning frequency
significantly increases the linewidth. To keep the laser linewidth constant during the chirp, the
difference between the laser emission frequency and the filter central frequency must therefore
be constant. The following section provides a detailed explanation of the chirp implementation.

3. FMCW performance

To achieve high-resolution DOFS measurement, the chirp amplitude of the laser is the key
parameter. In a first step, we modulate only the SOA current and measure the frequency variation
shown in Fig. 7, by using an unbalanced interferometer.
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Fig. 7. (a) Time traces obtained at the output of the unbalanced interferometer. (b) Frequency
vs. time curve with 500 MHz/mA modulation efficiency when only the gain section is
modulated at a repetition rate of 1 kHz.

These measurements show that the mode-hop free laser frequency chirp through SOA current
modulation only is limited to 3.2 GHz with a modulation efficiency of 500 MHz/mA, which
corresponds to the cavity longitudinal mode spacing. A significant power variation following the
shape of the Vernier filter reflection peak also occurs alongside frequency modulation. To solve
these issues, we modulate the Vernier filter and the SOA simultaneously to keep the laser mode
in the center of the Vernier filter. This prevents mode hopping and maintains a constant output
power, as well as a constant linewidth, as discussed in previous section. As a result, we were
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able to increase the chirp amplitude up to 20 GHz currently limited by the heating efficiency and
driving electronics, as shown in Fig. 8.
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Fig. 8. Upper figures show the time traces obtained at the output of the unbalanced
interferometer. Center figures show the laser frequency variation versus time (blue) with the
corresponding residual nonlinearities (orange) before (a) and after (b) predistorsion of the
modulation signals. Bottom figures display the power consumption of the ring heaters (left
axis) and the SOA driving current (right axis) during the frequency tuning.

For tuning the filter central frequency, both resonators are tuned together through the thermo-
optic effect. Compared to the piezoelectric effect, the rings are modulated more effectively,
resulting in higher chirp amplitudes. However, this comes at the cost of limited frequency
modulation waveform repetition rate, which cannot exceed 10 kHz, and significant nonlinearities.
Figure 8(a) shows residual nonlinearities at approximately 10%, which can negatively impact
DOFS measurement. They can cause significant differences in the beating electrical spectrum,
leading to measurement inaccuracies [18]. To reduce this effect, we use an Arbitrary Waveform
Generator (AWG) to generate predistorted signals to drive the laser (Fig. 8(b)). These signals are
obtained through a process of iterative measurement of the chirp nonlinearity, followed by the
implementation of corrective feedback on the modulation signals. The rate of nonlinearities is
then reduced by an order of magnitude to less than 1% as shown in Fig. 8(b).

4. DOFS measurements

The laser is then integrated into a calibrated deformation field measurement setup [19] for DOFS
measurements, shown in Fig. 9(a). The setup includes a FUT with a total length of 87 m. At 54
m from the fiber input there is a suspended metal plate with calibrated mechanical vibrational
modes, on which the fiber is coiled over a length of 8.5 m, as shown in Fig. 9(b). A shaker is then
used to excite the eigenmodes of the plate, which are perfectly known and simulated. Finally,
the model established by Sirkis [20] enables us to correlate optical fiber deformations with the
optical phase variations measured by the OFDR interrogator. Spurious effects such as optical
polarization distortion start to occur at short bending radii of the fiber. For this reason, we only
measure the RBS phase along the first half of the coiled fiber (see Fig. 10).

To extract the Rayleigh backscattered signal (RBS) phase variations from the beating signal
time trace, we iterate the signal processing described in the introduction for each repetition of the
laser chirp waveform. This gives the evolution of the RBS phase as a function of time for each
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Fig. 10. Experimental DOFS measurements using different tunable laser sources. (a) Custom
THALES RT solid state laser, (b) III-V-on-SiN laser with 3 GHz chirp amplitude, (c) high
resolution measurement with III-V-on-SiN laser at 5.5 GHz chirp amplitude. The grey area
shows the expected theoretical vibrational mode of the metal plate.

position in the FUT (Eq. (1)). Then, by performing a second FFT on this signal along the time
axis, we can extract the amplitude of the phase variations that evolve at the frequency of interest
(the frequency of the vibrational eigenmodes of the plate) and whose backscattering centers are
at the position of interest (the plate position). We focus on the deformation of the optical fiber
induced by the first plate’s eigenmode at 484 Hz. Measurements are performed with two lasers,
including the solid-state laser and the III-V-on-SiN laser. Figure 10 shows the measurements and
the simulation of the accumulated optical phase (represented by the grey curve) as a function
of the curvilinear abscissa at the location of the metal plate. The first laser (a) is a homemade
solid state laser with a narrow linewidth <10 Hz [21], and the measurement was performed at its
maximum chirp amplitude of 3 GHz with a 3 kHz repetition rate. For the III-V-on-SiN laser
measurement, we use the higher linewidth laser (9.9 kHz) under two different chirp conditions:
3 GHz (b) and 5.5 GHz for extended spatial resolution (c), both with a 3 kHz repetition rate.
The measurements at 3 GHz for the solid-state and III-V-on-SiN lasers give comparable results,
close to the simulated phase response of the sensor. For the implemented fiber length of about
100 m, the 10 kHz linewidth of the III-V-on-SiN laser is low enough not to degrade noticeably
the phase measurement signal-to-noise ratio (SNR). Moreover, with its higher chirp amplitude
capability, our laser improves the spatial resolution of the sensor. As shown in Fig. 10(c) the
distance between two backscattering centers is reduced. This improved resolution enables to
better resolve sharp phase variation peaks. It can however be noticed in Fig. 10(a)-(c) that the
fidelity of the measurement slightly degrades with distance along the fiber. This is attributed to
polarization distortion effects occurring when bending radius of the coiled fiber becomes smaller
in the center of the spiral.
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5. Discussion

This work demonstrates the use of heterogeneous integration of III-V material on SiN to realize
an FMCW laser source. The low losses of SiN allowed us to take advantage of high-quality
micro-ring resonators, resulting in a frequency agile narrow linewidth laser (<10 kHz). The
performances obtained with our integrated laser are comparable to those of bulk lasers currently
on the DOFS market. We have also demonstrated that for the two lasers realized, the performance
levels are in line with simulation. allowing us consider more complex designs. This laser building
block is incorporated in a complete fully integrated OFDR interrogator which is currently being
manufactured. The device includes the laser source, the calibration interferometer with a 1 m
delay line, the on-chip recombination of the sensor interferometer and I/Q photodiodes for both
interferometers. With a total size of 14.5 x 3.8 mm?, the SWAP of the current interrogator will
be drastically reduced. This reduction will enable the system’s deployment into new and more
constrained environments, expanding its field of application.

6. Conclusion

We have described a new type of laser made by heterogeneous integration of InP and SiN,
combining low linewidth with high chirp capacity. The performances obtained meet the
requirements of DOFS applications with a sub-cm spatial resolution. The laser’s chirp amplitude
exceeds 20 GHz (at a repetition rate of 1 kHz). Thanks to its design, which incorporates a
double ring resonator mirror, we obtain a linewidth reduction factor close to 1000, resulting in
a measured linewidth of 2.4 kHz. The preliminary OFDR measurements show performance
comparable to other FMCW laser sources tested, and an improved spatial resolution. These
results are very promising for the complete integration of the OFDR interrogator, currently in
fabrication.
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