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Abstract

We propose an external-cavity laser that combines wide tunability with narrow linewidth.
The design utilizes a low-loss Si3N4 waveguide and a thermally tuned cascaded triple-ring
resonator to enable continuous wavelength tuning. The numerical simulations indicate that
the proposed laser exhibits a tuning range of 64 nm with a sub-kHz linewidth, an SMSR
of more than 80 dB, an output power of 24 mW and a linewidth of 193 Hz at 1550 nm.
Furthermore, we perform comparative system-level simulations using QPSK and 16QAM
coherent optical fiber links at 50 Gbaud over 100 km. Under identical conditions, when the
laser linewidth is reduced from 1 MHz level to 193 Hz, the BER of 16QAM decreases from
1.5 x 1073 t0 5.3 x 10~°. These results indicate that a narrow linewidth effectively mitigates
phase noise degradation in high-order modulation formats. With its narrow linewidth,
wide tuning range, high SMSR, and high output power, this laser serves as a promising
on-chip light source for high-resolution sensing and coherent optical communications.

Keywords: ring; narrow-linewidth; external-cavity laser; coherent optical communications

1. Introduction

Narrow-linewidth tunable lasers, as core light sources, play an irreplaceable role in
a wide range of cutting-edge applications, including coherent LiDAR, distributed fiber
sensing, and large-capacity coherent optical communication systems [1-3]. In current
long-haul coherent communication systems, tunable lasers with C-band tuning ranges and
linewidths on the order of hundreds of kilohertz are widely used [4]. As the operating
bandwidth of coherent communication systems continues to expand, denser grids are
used and higher-order modulation formats are adopted to enhance capacity and spectral
efficiency, the performance requirements for laser sources have become more stringent.
These systems demand not only a wider tuning range and higher side-mode suppression
ratio (SMSR), but also a narrow linewidth [5]. Meanwhile, in coherent LiDAR and dis-
tributed fiber sensing, the laser linewidth is a key parameter that governs the achievable
detection range and spatial resolution [6,7]. In addition, a broad wavelength tuning range
is also essential for achieving high axial resolution in optical coherence tomography [8].
Driven by these requirements, research on integrated narrow-linewidth tunable lasers
has advanced rapidly in recent years. Early implementations mainly relied on monolithic
III-V material platforms, where passive waveguides and active gain regions were realized
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within the same III-V epitaxial stack. Such devices have already demonstrated on-chip
wavelength tuning ranges of around 60 nm and intrinsic linewidths in the tens-of-kHz [9].
However, the relatively high loss of passive waveguides makes further reduction in the
intrinsic linewidth very challenging. With the maturation of III-V/Si and III-V /SizNy
hybrid integration, low-loss waveguides and micro-ring resonators (MRRs) on these plat-
forms provide an effective route to realizing chip-scale external-cavity lasers (ECLs) with a
wider wavelength tuning range and a reduced linewidth [10-12]. Among them, the SizNy
platform, featuring ultralow propagation loss, wide transparency window, and CMOS
compatibility, has emerged as an attractive platform for building high-performance lasers
based on cascaded high-Q ring resonators in an external-cavity configuration. In 2023,
Pan et al. [13] demonstrated a III-V-on-SisN4 ECL using micro-transfer-printed gain chips
and high-Q Si3Ny ring mirrors, achieving 54 nm continuous tuning across the C+L band,
an intrinsic linewidth below 25 kHz, and 6.3 mW on-chip output power. However, its
relatively broad intrinsic linewidth and low on-chip output power may limit its applica-
bility in long-haul coherent transmission by reducing frequency stability and restricting
the available link budget. In 2024, Wu et al. [14] integrated high-Q defect-assisted MRRs
on SizNy4 and optimized external-cavity feedback to achieve sub 10 Hz intrinsic linewidth
over a 1525-1565 nm tuning range, pushing the linewidth of integrated tunable ECLs
into the Hz regime. Nevertheless, the demonstrated tuning range is relatively limited,
which constrains its applicability in broadband multi-channel or wideband tunable systems.
Furthermore, in 2025, Fan et al. [15] reported a III-V /Si3sNy hybrid ECL with a double-ring
Vernier filter and a tunable Sagnac loop reflector, achieving a 90 nm wavelength tuning
range and an intrinsic linewidth of 23.8 kHz. However, its linewidth is still insufficient for
space-coherent optical communication laser sources [16]. Although the works discussed
above show improvements in one or two key figures of merit, intrinsic trade-offs among
linewidth, SMSR, tuning range, and output power still limit their further use as practical
light sources in advanced coherent optical communication systems.

For 16QAM and higher-order QAM transmission, laser linewidth and phase noise
critically constrain achievable reach and spectral efficiency [17-19]. When the linewidth
is large or the spectral purity is low, the burden is shifted to sophisticated digital carrier-
recovery and phase-noise-compensation algorithms. Such DSP remedies can mask device
deficiencies in laboratory demonstrations, but they inevitably lead to higher implementa-
tion complexity, power consumption, and latency in real transceiver hardware [20]. At the
same time, insufficient tuning bandwidth and low on-chip output power make it difficult
to simultaneously support dense wavelength division multiplexing (DWDM) grids and the
link-budget requirements of medium-haul and long-haul coherent systems. Therefore, the
design of an ECL that simultaneously offers narrow linewidth, wide tuning range, high
SMSR, and high output power is of great significance for the development of coherent
optical communication systems.

In this work, we propose a narrow-linewidth ECL based on a low-loss SizN4 waveg-
uide platform, employing a cascaded triple-ring filter and a Sagnac loop mirror to form
a narrowband and highly selective feedback structure. Simulations indicate that the pro-
posed laser can achieve 64 nm of continuous wavelength tuning. At 1550 nm with the
injection current set to 100 mA in simulation, the proposed device is predicted to exhibit an
SMSR exceeding 80 dB, an output power of 24 mW, and an intrinsic linewidth as low as
193 Hz. Furthermore, we numerically investigate a 50-Gbaud QPSK and 16QAM coherent
fiber-optic transmission system over 100 km, in which the designed ECL is used as both the
transmitter laser and the local oscillator, and compare constellation and bit error rate (BER)
performance for linewidths ranging from 193 Hz to 1 MHz. Simulation results show that
our ultranarrow-linewidth lasers effectively suppress phase-noise-induced constellation
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broadening, improving system reliability in high-order modulation formats over long
distances. With its narrow linewidth, wide tuning range, high SMSR, and high output
power, this laser serves as a promising on-chip light source for coherent transceivers as
well as high-resolution sensing and LiDAR applications.

2. Theoretical Analysis
2.1. Theoretical Analysis of the Cascaded Triple-Ring Optical Filter

This cascaded triple-ring filter consists of three MRRs and four bus waveguides, as
shown in Figure 1. When the wavelength of the light injected from Port 1 matches the
resonant wavelengths of MRR-a, MRR-b, and MRR-c, the optical wave is sequentially
coupled into all three MRRs and is finally extracted from Port 8, with only negligible power
leakage at the other ports. In Figure 1, S ; and S_; represent the amplitude of the input
and output waves, respectively (i = 1, 2, 3...12). The phase delays accumulated as the
optical field propagates from MRR-a to MRR-b and from MRR-b to MRR-c are denoted
by @1 and ¢y, respectively, with their values determined by the spacing between adjacent
ring cavities. y; (i =1, 2, 3...12) characterize the amplitude coupling coefficients between
each ring and its adjacent bus waveguides. Since the light energy in each ring resonator
propagates in a single direction, the cavity resonance is established by multiple round
trips of the traveling wave and no counter-propagating coupling occurs; therefore, the
backward coupling coefficients are set to zero, i.e., Y2 = Y4 = V5 = Y7 = Y10 = Y12 = 0. Ya,
vp and vy, denote the intrinsic amplitude decay coefficients of MRR-a, MRR-b, and MRR-c,
respectively, characterizing the internal losses of the ring cavities. Due to the intentional
mismatch in the radii of the three MRRs, their intrinsic resonant frequencies are denoted by
w1, wy and ws. The corresponding intracavity resonant mode amplitudes are denoted as 4,
b and ¢, associated with MRR-a, MRR-b, and MRR-c, respectively. Based on time-domain
coupled mode theory (TCMT) [21,22], denote the frequency of the incident light by w. For
MRR-a, MRR-b, and MRR-c, the time-domain evolution of the resonant mode amplitudes
can be expressed as follows:

da )
= lwa— (v1+7v3+7va)a+ v2v1S41 + V23543 1)
db )
3 = w2l = (Y6 T8+ ¥p)b + V/2V6546 + v/ 2v5S+8 (2)
dc )
4 = twse = (vo + v +¥e)e + V2¥9S1e + V2ynSin 3)

From power conservation and time-reversal symmetry, the relation between the input
and output waves is given by:

S_i=S4i—V2yi-0; 4)

where o; (i = 1, 2, 3) corresponds to the intracavity resonant mode amplitudes a, b and c in
MRR-a, MRR-b, and MRR-c, respectively. In addition, adjacent MRRs are interconnected
by a section of passive bus waveguide. The port relations between MRR-a and MRR-b, and
between MRR-b and MRR-c, are given by:

Si6=5S_3-e% ()

S.g=S g-el*2 (6)

Since the external optical field is injected only from Port 1, with no external excitation
applied to the other ports,ie.,S;p =513 =545 =5,8 =54190 =S411 =S412 =0.
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Figure 1. Theoretical model of triple-ring optical filter.

To facilitate the analysis of the transmission characteristics of the three-MRR filter, all
MRRs are assumed to operate under the critical coupling point. For the MRR, the maximum
coupling efficiency is achieved when it operates at critical coupling. At this point, the
MRR mode loses equal amounts of power to intrinsic dissipation and to coupling with the
bus-waveguide mode. The critical coupling conditions for the three MRRs in this structure
can be written as:

Y1 =Y3tYa @)
Y6 =VYs+ Vb (8)
Yo =Y11+ Ve )

Considering a symmetric coupling between the MRR and the bus waveguide and loss
less ring cavities, i.e., Y1 = Y3 = Y6 = Y8 = Y9 = Y11 = Ywav and Y4 = Vp = Y. = 0. With
identical resonant frequencies w; = wy = w3 = wy and the detuning defined as w — wy),
the transmission spectrum of the cascaded triple-ring resonator can be written as:

3 .
T _ S—ll 2 _ (4V\2A/av) 3]2((Pl+(02) 10
(w) - S - 2 2.3 ( )
+1 KZYan) + (w - (U()) ]
Equation (10) indicates that the transmission T(w) = 1 under the condition

@1 = @ = (m+1/2)m (where m is a non-negative integer) and w = wy. Figure 2 presents
the transmission of the cascaded triple-ring system versus frequency detuning. At reso-
nance, i.e., when w = wy, the transmission reaches its maximum value, while the reflection
is minimized. As the frequency detuning increase, the transmission decreases and the
reflection increases, which is consistent with energy conservation principles.

2.2. Theoretical Analysis of Laser Linewidth

As shown in Figure 3, the proposed ECL can be modeled as a one-dimensional three-
section cavity. In this model, the active segment is located on the left side, and the gain chip
and its left facet coating are lumped into an effective mirror with a reflectivity of ;. On the
right side, the passive waveguides, the cascaded triple-ring structure, and the Sagnac loop
mirror constitute a wavelength-selective passive section, forming a passive external-cavity.
As shown in the dashed box in Figure 3, the passive external-cavity is equivalently modeled
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as an effective mirror. Its effective reflectivity rqf(w) is given by the product of the transfer
functions of all passive components:
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Figure 2. Transmission and reflection spectra of the triple-ring system versus frequency detuning.

reff(w) = B : tf)assive(w) : rmirror(w) (11)

here, B is an attenuation constant that accounts for the transmission loss at the transition
between the active and passive sections, corresponding to approximately —1 dB. For the
passive waveguide section with a total length Ly, its transfer function is given by:

tpassive(w) = exp(—opLp — jBpLp) (12)

where op and B, are, respectively, the waveguide electric field propagation loss and the
effective propagation constant. Assuming that each ring is symmetrically coupled, i.e., the
coupling ratios to the two bus waveguides are identical, the amplitude reflectivity of the
mirror is given by:

—2 (ZﬂRmam)l/Zejanmﬁp/Z
1— (1= K2,)27R xR B

Pmirror (@) = —2j1/ (1 — k2)k2-T | tarop (K, K, R, o) (14)
m

here k;;, Ry, and «y, denote the cross-coupling ratio, the ring radius, and the amplitude

tdrop(sz K, R, “m) = (13)

propagation loss constant of the m ring (m = 1,2,3), respectively. To study the laser
linewidth, we employ the linewidth theory of external-cavity semiconductor lasers devel-
oped by Patzak et al. [23] and Kazarinov and Henry [24]. Due to the frequency dependence
of both the phase and the reflectivity of the extended passive section, the linewidth of the
ECLs is reduced, with respect to that of a solitary Fabry—Perot laser, by a factor of F?, the
Lorentzian linewidth of laser can be analytically evaluated using the following expressions:

F=1+A+B (15)
_ 1 AInre(w) | 1 doess
A= TORe{] dw T dw 16)
_an [dinreg(w) | ap dInfre(w)|
b= T Im{] dw 1 dw 17)
v2hvng, Kot
Avp = - g spTtotm (1+a%) (18)
47 Pl " 1 ree(w) 12
ol [Fege(@)] 1-12 ]
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o AI/O o AVO

Aav=""T— 20 (19)
F2 (1+A+B)?

where 1) denotes the round-trip time of photons in the active gain section, ay is the Henry
linewidth enhancement factor, vy represents the group velocity of light in the active gain
section, h is Planck constant, v denotes the laser frequency, nsp is the spontaneous emission
factor, oot = o + &y represents the total loss, with oy, and o; being the mirror and
internal losses of the active section, respectively; Py is the laser output power, Avy is the
Schawlow-Townes linewidth of a solitary Fabry—Perot laser, and Av denotes the linewidth
of the ECLs.
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Figure 3. Equivalent model diagram of ECL.

S ——

The factor A reflects the increase in the round-trip accumulated phase, which is
equivalent to an increase in the effective cavity length provided by the ring resonance. The
factor B characterizes the strength of the optical negative-feedback effect and quantifies
the magnitude of the phase variation in the external-cavity. As shown in Equation (19), the
degree of linewidth narrowing is directly determined by F = 1 + A + B. When the external-
cavity operates near the resonant wavelength of the triple-ring reflector, the effective
optical length of the external-cavity reaches its maximum, and the factor A is accordingly
maximized. In this case, the lasing frequency lies at the center of the main reflection peak,
the first derivative of the reflection amplitude with respect to frequency is zero, and thus
B = 0. The linewidth is then mainly governed by the increase in the effective optical
length of the external-cavity. By introducing the cascaded triple-ring structure, the effective
optical length of the external-cavity is significantly increased, which extends the photon
lifetime in the external-cavity and consequently leads to a pronounced narrowing of the
laser linewidth.

3. Device Design
3.1. Design of the Cascaded Triple-Ring Filter

In cascaded ring filters, the Vernier effect is widely used to enlarge the effective
free spectral range (FSR), thereby extending the continuous tuning range of an ECL. The
single-ring FSR of the m-th ring, denoted by FSR;;, can be approximated as

}\2
FSRyy = ——— 2
SRin 2R n g (20)
where A is the wavelength, ng is group index, and Ry is the radius of the m-th ring. The
Vernier effective FSR formed by two cascaded rings can be estimated as:

FSR;-FSR,

FSRVernier = m

(21)

Figure 4 shows the schematic structure of the cascaded triple-ring filter designed in this
work. The cascaded structure consists of three rings with radii Ry, Ry, and Rz, respectively,
and four bus waveguides. All rings and bus waveguides share the same cross-sectional
dimensions. The waveguide width is 400 nm, the height is 1 pm, and the vertical separation
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from the substrate is 4 um. Its SizNy core has an effective refractive index of 1.64 and a
group index of 2.06. To reduce bending loss and obtain a large Vernier effective FSR for
wide tuning, the radius of the first ring, Ry, is set to 98.9 pm. The radius of the second ring,
Ry, is then chosen to be slightly different, 101.9 um. This small radius difference leads to
slightly different single-ring FSRs. Substituting FSR; and FSR; from Equation (20) into
Equation (21), the Vernier effective FSR is estimated to be ~64 nm. The radius of the third
ring, R3, is set to 1484.3 pm. According to Equation (20), the larger radius yields a smaller
FSR and a longer effective optical path length, resulting in more closely spaced resonances
and finer spectral selection. Its resonance is designed to align with the passband of the first
two rings, thereby further suppressing side modes and enhancing the SMSR. The structural
parameters are summarized in Table 1.

Figure 4. Triple-ring optical filter structure diagram.

Table 1. Structural parameters of the triple-ring filter.

Parameter Description Value
Neff Effective index of SizNy 1.64
n Group index of Si3Ny 2.06
Kg Coupling coefficient 0.09
op Waveguide loss 0.1dB/cm
D Thickness of substrate 4 um
R4 Ring1 radius 98.9 pm
Ry Ring? radius 101.9 um
R3 Ring3 radius 1484.3 um

3.2. Design of the ECL

Figure 5a illustrates the schematic of the cascaded triple-ring ECL, which consists of
a semiconductor optical amplifier (SOA) chip and a passive Si3Ny chip that are optically
coupled via precise alignment. Figure 5b shows a cross-section of the Si3Ny4 ring waveguide
region, where a TiN microheater is integrated above the waveguide. The SOA employs
a 400-um-long multiple quantum wells gain region, where an InP ridge waveguide is
etched above the quantum wells to provide optical confinement. The power reflectivity
of the SOA facet on the side opposite the external-cavity is 0.3. On the side facing the
external-cavity, the SOA facet is combined with a tilted waveguide and an anti-reflection
coating, reducing the reflectivity of the facet connected to the SizNy chip to 1 x 107%. The
waveguide parameters on the Si3sNy chip are identical to those described in Section 3.1.
Considering potential positional drift in the coupling packaging, a coupling loss of 1 dB is
set in the simulation. To achieve wavelength tuning, heating electrodes are placed above
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the ring on the Si3Ny chip. The heaters are made of TiN, with a thickness of 0.2 um, a width
of 5 ym, and a vertical separation of 1.6 um from the ring. The reflectivity of the Sagnac
loop mirror on the passive SizNy chip is 0.9. The laser is driven by an injection current
applied to the SOA gain chip. The light from the SOA is coupled into the passive SizNy4
chip, passes through the cascaded triple-ring structure for wavelength selection, is reflected
by the Sagnac loop mirror, and then re-enters the SOA to provide optical feedback, with
part of the light is output. The structural parameters are summarized in Table 2.

Passive Si;N, chip
«—Sum
8.9 um R, 7 Heater(TiN) I 0.2 ym
E— 1.6 pm
I (Rpw) _SigNy Waveguide fodpm_
101.9um 27/ (im<+——
Laser output # 4 pm
1484.3 um (R,
Sagnac mirror
(a) (b)

Figure 5. Schematic of the cascaded triple-ring ECL, (a) Layout of the SOA and passive Si3Ny chip.
(b) Waveguide cross-section with TiN heater.

Table 2. Structural parameters of the ECL.

Parameter Description Value
La Length of gain chip 400 pm
Cw Gain shape center wavelength 1575 nm
QF Gain shape quality factor 10
Runirror Reflectivity of the Sagnac loop mirror 0.9
Hy Heater width 5 um
H; Heater thickness 0.2 um
Rir Left facet power reflection 0.3
RaRr Right facet power reflection 1x10°%

3.3. Proposed ECL in Coherent Optical Transmission System

Based on the configuration described above, we further investigate the phase-noise
characteristics of the ECL when it is employed in a coherent optical transmission system.
The spectral linewidth of the laser represents the frequency-domain manifestation of its
phase noise. In coherent optical communication systems, such phase noise induces random
phase fluctuations in the transmitted signal. To evaluate the phase-noise suppression
benefits provided by the narrow linewidth in practical scenarios, we design and simulate a
100 km coherent optical transmission system operating at 50 Gbaud, supporting both QPSK
and 16QAM modulation formats. These two formats have different sensitivities to phase
noise. By comparing the system performance for these two formats, we can effectively
assess the laser’s capability in phase-noise suppression for real applications.

Figure 6 shows the schematic of the simulation setup. At the transmitter, lasers of
different linewidths are used to conduct comparison tests at 1 MHz, 100 kHz, and 193 Hz.
In the numerical simulation, a continuous-wave laser with center frequency 193.1 THz
and output optical power of 7 dBm is modulated into optical baseband signals by an
IQ Mach-Zehnder modulator. The modulated signal is amplified by an erbium-doped
fiber amplifier (EDFA) with a gain exceeding 20 dB, and then transmitted through 100 km
standard single-mode fiber. At the receiver, the transmitted signal is coherently mixed with
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the local oscillator (LO) in a 90° optical hybrid. The four output ports are detected by two
balanced photodetectors (PDs), and the resulting electrical signals are sampled by a high-
speed analog-to-digital converter (ADC) and processed by digital signal processing (DSP)
algorithms, including IQ imbalance compensation, chromatic dispersion compensation,
frequency offset estimation, and carrier phase recovery.

( ( ) ) 90° ’ B
Hybrid + A
100km

Vi " —
EDFA  SSMF  pppa 5_’ _C)r—

Figure 6. Schematic of a 50 Gbaud, 100 km coherent optical transmission system used for
phase-noise evaluation.

4. Numerical Analysis
4.1. Spectrum of the Cascaded Triple-Ring Filter

Based on the proposed cascaded triple-ring filter structure, we perform simulations to
characterize its transmission spectrum. The estimated insertion losses of the three MRRs
are approximately 0.21 dB for MRR-a, 0.21 dB for MRR-b, and 1.91 dB for MRR-c. Figure 7a
shows the simulated transmission spectrum of the proposed cascaded triple-ring filter
in the wavelength range of 1540-1620 nm, where the device exhibits an insertion loss
of 2.64 dB, corresponding to a peak transmittance of approximately 0.55. The minimum
power difference between the main resonance peak and the adjacent side mode is about
13.4 dB, and the FSR is approximately 64 nm. Figure 7b plots the transmission spectra of
the triple-ring filter from simulation and from the TCMT theory. The blue curve shows
the spectrum simulated with the cascaded triple-ring filter, and the orange curve shows
the theoretical spectrum calculated using the TCMT Equation (10). The simulated peak
transmittance is lower than the theoretical maximum predicted by the TCMT model for
two reasons. First, to simplify the derivation of the theoretical transmission spectrum,
we intentionally neglect the intrinsic loss terms in the rings (i.e., v; = 0 fori = 4,b,c) in
the analytical TCMT formulation. Second, the numerical simulations include waveguide
propagation loss, whereas this loss is neglected in the simplified analytical TCMT model,
leading to a reduced peak transmittance in simulation.

0.6 1
——Simulated
—TCMT
=0 208
< <
04 64 nm =
=] e 0.6
203 ]
g 13.4 dB £ 0.4
17} w» Ut
= 0.2 =
= =
— L
= 0.1 = 0.2
0 =LLL LT
1540 1560 1580 1600 1620 1544.9 154491 154492 154493 1544.94
wavelength (nm) Wavelength (nm)
(a) (b)

Figure 7. Transmission characteristics of the cascaded triple-ring system: (a) transmission spectrum;
(b) comparison of the theoretical and simulated transmission spectra.
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4.2. Performance Characterization of the Proposed ECL

Based on the theoretical model derived in Section 2 and the design parameters listed
in Tables 1 and 2, the three coefficients A, B, and F are calculated as functions of frequency
detuning from the lasing wavelength (1570 nm), as shown in Figure 8a. The corresponding
Lorentzian linewidth is then evaluated using Equation (19) and plotted in Figure 8b, which
indicates that the laser linewidth can be compressed to the sub-kHz level.

40

—A 105
30} et B
Fra PP |
20¢ i 10
=
10} =
- Z10°
of | :
i £
-10¢ = 10”
_20 L L B L
~10 -5 0 5 10 10

-5 -4 -3 2 -1 0 1 2
Detuened Frequency (GHz)

(a) (b)

Figure 8. (a) Calculated values for coefficients A, B and F; (b) Estimated Lorentzian linewidth as a

function of frequency detuning from the triple-ring mirror resonance, assuming an output power of
20 mW.

Detuened Frequency (GHz)

To further verify the performance of the proposed laser, we use traveling wave laser
model (TWLM) to calculate the SOA and a transient sampling mode to calculate the overall
ECLs. The simulation parameters are shown in Tables 1-3. The simulation results are
shown in Figure 9. Under a pump current of 100 mA, the output optical spectrum exhibits
an SMSR exceeding 80 dB at 1550 nm, with an output power of 24 mW. The corresponding
frequency-noise spectrum shows a white noise floor of 61.63 Hz?>/Hz, which corresponds
to a Lorentzian linewidth of 193 Hz at 1550 nm.

Table 3. Configuration parameters used for numerical modeling.

Parameter Description Value
BW Sampling rate 25THz
T Time window for each calculation 60 ns
Res Resolution of optical spectral analyzer 2.5 GHz
oy Linewidth enhancement factor 2
B Spontaneous emission coupling factor 0.0001
20 ' ' ' 10*

ISMSR=83.83 dB

=

Linewidth=193Hz

102161.63HZz*/Hz

Output Power (dbm)
L
=}
Optical frequency noise (Hz*/Hz)

1540 1545 1550 1555 1560 10° 10'°
Wavelength (nm) Fourier frequency (Hz)
(a) (b)

Figure 9. Optical spectrum and frequency-noise characteristics of the laser. (a) Optical output
spectrum; (b) Laser frequency noise spectrum at 1550 nm.
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Next, we investigate the tuning characteristics of the laser by sweeping the heaters
of the MRRs to obtain the tuning map. During the measurement, the gain current is fixed
at 100 mA. Figure 10 shows optical spectra at different operating wavelengths. A tuning
range of 64 nm is achieved with SMSR exceeding 80 dB, and the linewidth remains within
the kilohertz range across the full tuning span. Detailed simulated values of linewidth,
SMSR and output power at representative wavelengths are summarized in Table 4.

20

10|
~ 0 1[——1544.9 nm
_E “10t | [ 1550.0 nm
= 1555.9 nm
=20 {1 [—1562.6 nm
= 1568.0 nm
n°_ 1 |—1576.4 nm
- —1583.9 nm
g 1|——1591.6 nm
= 1 |/ 1599.4 nm
) ——1609.1 nm

1540 1560 1580 1600
Wavelength (nm)

Figure 10. Optical spectra under different operation wavelengths.

Table 4. Simulated performance of ECL at different wavelengths.

Wavelength (nm) Linewidth (Hz) SMSR (dB) Output Power (dBm)
1544.9 399 81.24 11.67
1550.0 193 83.83 13.86
1555.9 402 82.64 12.11
1562.6 281 82.76 12.93
1568.0 381 83.72 14.05
1576.4 301 84.04 14.19
1583.9 587 81.59 12.96
1591.6 211 84.53 13.42
1599.4 792 81.12 13.83
1609.1 342 81.01 11.71

4.3. System-Level Performance Analysis of the ECL in Coherent Optical Transmission

To analyze the impact of laser linewidth on system phase noise, we employ Wiener-
process-based numerical simulations to study time-domain phase fluctuations under differ-
ent linewidths. Figure 11 shows instantaneous phase evolution within a 4 ps observation
window for linewidths of 1 MHz, 100 kHz, and 193 Hz. As linewidth decreases, phase
excursions become significantly less pronounced, confirming that reducing laser linewidth
effectively suppresses system phase noise.

Phase (degree)
=

L L L L L L
3 1 2 3 4 0 1 2 3 4
Time (ps) Time (ps) Time (15)

(@ (b) (©)

Figure 11. Numerically simulated phase fluctuations for laser linewidths of (a) 1 MHz, (b) 100 kHz
and (c) 193 Hz.
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Figure 12 shows QPSK constellations for a 50 Gbaud, 100 km coherent optical transmis-
sion system for different laser linewidths. Panels (a)—(c) illustrate the constellations before
carrier phase recovery for linewidths of 1 MHz, 100 kHz, and 193 Hz, respectively. At the
linewidth of 1 MHz, the constellation exhibits pronounced spreading and rotation. As the
linewidth is reduced to 100 kHz and further to 193 Hz, the phase-induced distortion is
progressively alleviated and the constellation points become increasingly compact. Panels
(d)—(f) show constellations after blind phase search (BPS) recovery, yielding a BER of zero
in all cases.
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Figure 12. Simulated 50 Gbaud QPSK constellations after 100 km coherent transmission for different
laser linewidths of 1 MHz,100 kHz,193 Hz. Panels (a—c) show the received constellations before
carrier phase recovery, and panels (d-f) show the constellations after BPS carrier phase estimation.

Figure 13 shows the corresponding 16QAM constellations for the same linewidth
conditions. Panels (a)—(c) present the constellations before carrier phase recovery for
linewidths of 1 MHz, 100 kHz, and 193 Hz, respectively. As the linewidth is reduced from
1 MHz to 193 Hz, the constellations evolve from severely broadened and strongly mixed
inner and outer rings to compact and separated symbol points, indicating the significant
improvement in phase-noise tolerance provided by the narrow-linewidth laser. Panels
(d)—(f) show the corresponding constellations after BPS recovery. For the higher-order
16QAM modulation format, the results show that, without employing the BPS algorithm,
the proposed 193 Hz narrow-linewidth laser can achieve a BER as low as 7.2493 x 1072,
whereas the BER of the 1 MHz broad-linewidth laser is 0.6556, rendering the system
unusable. After enabling BPS-based carrier phase compensation, the 193 Hz narrow-
linewidth laser still maintains outstanding performance with a BER of 5.3416 x 107°.
Although the BER of the 1 MHz linewidth laser is improved from 0.6556 to 1.5 x 1073, it
remains above that of the narrow-linewidth case, corresponding to a performance gap of
more than one order of magnitude. These results clearly demonstrate that reducing the laser
linewidth is an effective way to enhance the performance of high-order coherent modulation
systems. As the linewidth decreases, phase-noise-induced constellation blurring and
rotation are strongly suppressed, the BER is reduced, and the system obtains a larger
performance margin.

https:/ /doi.org/10.3390/photonics13010072


https://doi.org/10.3390/photonics13010072

Photonics 2026, 13, 72

13 of 17

- 15 - 600
ﬁ. 500
3 ﬁ 400
SRS {300
ﬁ# 200
0.

100

Quadrature
Quadrature
N
S
Quadrature

-1 0 1
In-Phase
(a) (b) (c)
15 500 15 —— 600
. -, 1 o 1 Q#*# 500
2 300 5 05 505 ﬂ@¢ 400
z Z woE 0 n\ G e 300
= -] = s >
: I w3, GEFENQ ..
=4 o =4 Chi i ke
100 =1 100 -1 ###g 100
-1.5 -1.5
-1 0 1 -1 0 1
In-Phase In-Phase In-Phase
(d (e ®

Figure 13. Simulated 50 Gbaud 16QAM constellations after 100 km coherent transmission for different
laser linewidths of 1 MHz, 100 kHz, 193 Hz. Panels (a—c) show the received constellations before
carrier phase recovery, and panels (d—f) show the constellations after BPS carrier phase estimation.

In summary, the proposed ECL delivers an output power of 24 mW and an intrinsic
linewidth of 193 Hz at 1550 nm, an SMSR greater than 80 dB, and a tuning range of 64 nm.
With these performance advantages, our narrow-linewidth laser provides a high-quality
optical carrier for long-haul, high-baud-rate coherent transmission, paving the way for
low-complexity and energy-efficient coherent optical communication systems.

5. Fabrication Tolerance of the Device

The practical deployment of photonic devices necessitates rigorous analysis of fabrica-
tion tolerances. In our triple-ring filter, performance is particularly sensitive to dimensional
variations in the of the radius of the rings. The designed radii for the three MRRs in the
proposed triple-ring filter are Ry = 98.9 um, Ry = 101.9 um, R3 = 1484.3 um. Altering any of
these radii leads to resonant wavelength mismatch, thereby degrading device performance.
To quantify this effect, we performed radius sweeps for Ry, Ry, and R3, and assessed the
resulting degradation in the filter response.

As shown in Figure 14, the ring radius affects both the insertion loss and the SMSR of
the triple-ring filter. In Figure 14a, when the R; deviation is within about 10 nm, the SMSR
stays around 13 dB and the insertion loss changes by about 2 dB. Figure 14b indicates a
tighter tolerance for Ry, as a radius deviation within about 5 nm keeps the SMSR above
10 dB and limits the insertion loss penalty to about 2 dB. In Figure 14c, the response
is more gradual for R3, and a deviation within about 20 nm still preserves a relatively
high SMSR while keeping the insertion loss close to its minimum. Thus, the fabrication
tolerance for the radius of Ry is about +10 nm, and that for R, and Rj3 is about -5 nm and
£20 nm, respectively.
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Figure 14. Fabrication tolerance analysis of the triple-ring filter: (a) insertion loss and SMSR versus
the radius deviation of Ry; (b) insertion loss and SMSR versus the radius deviation of R5; (c) insertion
loss and SMSR versus the radius deviation of Rj.
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6. Discussion

Table 5 compares the performance metrics of previously reported ECLs with our work
Dual-ring ECLs schemes [13-15,25] exhibit diverse performance characteristics. Some
designs provide very wide tuning ranges and high output powers (e.g., 172 nm tuning
range and 26.7 mW output power in [25]), but their linewidths remain in the kilohertz range
and the SMSR is limited to about 40 dB. Other designs achieve hertz-level linewidth and
higher SMSR, whereas they only offer moderate tuning ranges and relatively low output
powers (e.g., in Ref. [14]). For triple-ring ECLs [26-28], the introduction of a third ring
provides more design flexibility than dual-ring structures. In particular, a more favorable
combination of linewidth, tuning range, SMSR, and output power than in typical dual-ring
designs can be obtained (e.g., in Ref. [28]). Nevertheless, the output power in these triple-
ring implementations is still limited to only a few milliwatts, so the intrinsic trade-offs
among linewidth, tuning range, SMSR, and output power are not fully removed.

Table 5. Performance comparison.

References Type Linewidth (Hz) Rafgl?fm) SMSR (dB) Power (mW)

[13] dual-ring 25,000 54 40 6.3
[14] dual-ring 6.03 40 64.3 4.8
[15] dual-ring 23,800 90 50 14
[25] dual-ring 4000 172 40 26.7
[26] triple-ring - 96 42 0.98
[27] triple-ring 17,500 30 55 -
[28] triple-ring 220 110 55 3

This work triple-ring 193 64 80 24.3

In this context, our ECL offers a more balanced performance profile. First, the coupling
gap between the bus-waveguide and each ring resonator is set to 650 nm. Choosing a higher
coupling gap would decrease the laser linewidth by increasing the effective cavity length
and photon lifetime through a larger number of round trips in the MRRs; however, too weak
coupling would reduce the usable tuning range, because the higher loss in the feedback
path makes the lasing mode more sensitive to broadband feedback such as scattering and
facet reflections. Moreover, reducing the radius difference between the first two rings
could be increase the FSR and thus extend the tuning range, but a smaller radius difference
leading to a lower SMSR. Second, the mirror reflectivity affects both the laser linewidth and
the on-chip output power. As shown in Figure 15a, increasing left facet reflectivity further
narrows the linewidth but reduces the on-chip output power. This is because a higher
reflectivity enhances intracavity feedback and increases the photon lifetime, whereas the
longer effective optical path leads to more accumulated waveguide propagation loss before
reaching the output. Considering the trade-off between linewidth and output power, we set
the left facet power reflection to 0.3. Figure 15b shows the intrinsic linewidth and on-chip
output power versus the Sagnac loop mirror reflectivity Rpirror ranging from 0.8 to 0.99.
As Rpirror increases, the on-chip output power slightly increases. The lowest linewidth is
obtained at an Ryirror Value of 0.9, while a similarly low value can also be achieved near
0.975 together with a higher output power. However, achieving such a high reflectivity near
0.975 typically requires more stringent device conditions, such as a coupler splitting ratio
closer to the ideal value and lower loop loss with reduced fabrication deviations. Therefore,
we use an Ryirror value of 0.9. Furthermore, increasing the radius of the third ring improves
the SMSR by enhancing the spectral selectivity of the external cavity, but the longer ring
path also introduces additional propagation loss and reduces the on-chip output power.
Although the tuning range of our ECL is not the widest among the compared designs, it
remains sufficient for many WDM and sensing applications [29]. More importantly, our
laser achieves an ultranarrow intrinsic linewidth of 193 Hz, an SMSR exceeding 80 dB and
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an on-chip output power of 24 mW at 1550 nm, with the SMSR being the highest among
the listed schemes. Compared with prior reports, our approach simultaneously maintains
a high SMSR and an ultranarrow linewidth without sacrificing output power, offering a
more balanced and practically attractive performance trade-off.
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Figure 15. Simulated intrinsic linewidth and on-chip output power as functions of (a) SOA left facet
reflectivity and (b) Sagnac loop mirror reflectivity.

Based on our current findings, this work still offers several promising directions for
further research: First, by further optimizing the ring radii and the cascaded triple-ring
external-cavity structure, it is expected that the tuning range can be extended while main-
taining the ultranarrow linewidth. Second, a more compact heterogeneous integration or
micro-transfer printing scheme between the SOA and SizNy platform could be explored to
reduce coupling loss and relax alignment tolerances. Benefiting from the narrow linewidth,
high SMSR, and broad tuning range achieved by our design, the proposed ECL holds strong
potential in coherent optical communications, FMCW LiDAR, distributed fiber sensing.

7. Conclusions

We propose a cascaded triple-ring ECL based on a low-loss Si3sNs waveguide platform,
and numerical simulations indicate that it features a tuning range of 64 nm, an SMSR greater
than 80 dB, an output power of approximately 24 mW, and an intrinsic linewidth as low as
193 Hz at 1550 nm, remaining below 1 kHz across the entire tuning range. Furthermore, we
numerically evaluate the proposed laser in a 50 Gbaud, 100 km 16QAM coherent optical
transmission system. Simulation results show that, thanks to its sub-kHz-level narrow
linewidth, the proposed laser achieves a BER of 5.3416 x 10>, compared with 1.5 x 1073 for
a 1 MHz linewidth laser, corresponding to more than an order-of-magnitude performance
improvement. With its comprehensive performance advantages, the proposed laser design
is expected to provide a promising on-chip light source for high-speed coherent optical
communication systems employing high-order modulation formats and shows significant
potential for integrated photonic applications such as coherent transceivers, high-resolution
sensing, and LiDAR.
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