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The distribution of precision optical frequency and phase ref-
erences over fibre-optic links1–4 enables applications such as 
high-precision metrology, investigation of variations in fun-

damental physical constants5, interferometry for radio astronomy6, 
optical clock comparison7–10 and high-capacity coherent communi-
cations11. To achieve high precision, scientific applications employ 
ultralow-linewidth, frequency-stabilized lasers12,13, requiring sophis-
ticated laser systems at the table-top scale. At the same time, appli-
cations like coherent fibre communications use power-intensive 
digital signal processors (DSPs)14–16 to achieve phase synchroniza-
tion with lower-cost and less stable lasers. Miniaturization of stable 
laser technologies would broaden the use of optically synchronized 
fibre links to a wider range of applications, including distributed 
network synchronization17, precision time protocols18,19 and deploy-
able optical clock networks10, as well as enabling new approaches 
to realizing energy-efficient, DSP-free, high-capacity coherent 
fibre-optic interconnects20,21.

Optical frequency and phase synchronization can be accom-
plished using electronic phase-locked loops (EPLLs)22,23, optical 
phase-locked loops (OPLLs)24–28 and DSPs14–16. Several factors drive 
how well these techniques scale in terms of performance, complex-
ity and power consumption at optical carrier frequencies, includ-
ing laser and fibre phase noise and stability, modulation bandwidth, 
feedback loop noise, bandwidth requirements and high-frequency 
analogue and digital electronics. Compact, ultralow-linewidth, sta-
bilized lasers with ultralow phase noise can enable circuitry nor-
mally associated with coherent radiofrequency (RF) and wireless 
communications to support links at optical frequencies. Examples 
of low-bandwidth feedback techniques used in precision scientific 
experiments include the Pound–Drever–Hall (PDH)29 method  
coupled with thermally engineered glass or single-crystal high-Q 
optical reference cavities12,13 housed in sophisticated environmental  

isolation systems. These state-of-the-art, laboratory-scale lasers 
are capable of linewidths below 10 mHz with a carrier instability 
of 4 × 10−17 at timescales between one and a few tens of seconds13. 
Chip-scale stabilized lasers with exceptional phase noise and fre-
quency stability have been realized by locking semiconductor or stim-
ulated Brillouin scattering (SBS) lasers to whispering-gallery-mode 
resonators30,31, photonic integrated spiral waveguides32 and compact 
Fabry–Pérot resonators33. However, so far, the use of independent, 
ultralow-linewidth, stable sources in a precision fibre frequency 
link and the demonstration of ultralow residual phase error using 
low-bandwidth synchronization methods have not been reported.

In this Article, we demonstrate precision phase-locked optical 
sources over a fibre link using independent, mutually coherent lasers 
that are frequency-stabilized at the chip scale. The fibre-connected 
lasers are phase-synchronized with a low residual phase error vari-
ance25 of 3 × 10−4 rad2 for a homodyne lock, orders of magnitude 
lower than achieved with OPLLs employing large-linewidth inte-
grated lasers24–28. This performance is achieved by consideration of 
frequency noise and drift contributions from the integrated lasers, a 
compact reference cavity and optical fibre, as well as feedback loop 
and lock dynamics. We combine these stabilized, spectrally pure, 
independent chip-scale lasers with an optical-frequency-stabilized 
phase-locked loop (OFS-PLL) to provide precise synchronization 
using only low-bandwidth feedback loops (<800 kHz), without the 
need for the high-bandwidth electronics of EPLL or OPLL circuits 
or power-intensive DSPs. The lasers have a cavity-stabilized SBS 
laser (CS-SBS) design, consisting of a photonic integrated silicon 
nitride (SiN) SBS laser34 locked to a compact silica Fabry–Pérot 
optical reference cavity33. We measure the optical frequency noise 
(FN) of the transmit (Tx) and receive (Rx) lasers, as well as the  
heterodyne beat note spectrum between these lasers, resulting in an 
integral linewidth of ~30 Hz for each CS-SBS laser and a fractional 
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frequency instability (FFI) of 2 × 10−13 at 50 ms for the open-loop 
heterodyne beat note. For the homodyne phase lock, the low resid-
ual phase error is achieved with received optical powers as low as 
−34 dBm and is estimated to support coherent quadrature ampli-
tude modulation (QAM) out to 256-QAM11. For future data-centre 
interconnects, these results show promise for efficient carrier phase 
recovery in QAM links, in contrast to DSP14–16 approaches, which 
can consume an estimated several watts per several hundred giga-
bits per second23, and offer better performance at lower loop band-
widths and power consumption than integrated OPLLs24–28. These 
results represent a major leap towards deploying chip-scale stabi-
lized photonic integrated lasers for applications requiring precision 
carrier and phase recovery over fibre links without high-power, 
high-bandwidth analogue electronics or DSPs.

Results
Precision fibre link and node architecture. A chip-scale, optically  
synchronized link is shown in Fig. 1, which shows a CS-SBS source 
used for the Tx and Rx lasers at the fibre link end points. The 
CS-SBS design34 comprises a tunable semiconductor pump laser35 
locked to a SiN-waveguide SBS laser using a low-bandwidth PDH29 
lock optoelectronic loop. The SBS laser output is modulated by an 
acousto-optic modulator (AOM) to generate the optical carrier to 
be stabilized. The AOM is driven by a voltage-controlled oscillator 
(VCO) that aligns and locks the optical carrier to a resonance of 
the compact silica reference cavity using a second low-bandwidth 
PDH lock circuit. This reference cavity lock stabilizes the SBS opti-
cal carrier and reduces the laser phase noise and integral linewidth 
within a loop bandwidth of several hundred kilohertz33. The stabi-
lized CS-SBS emission is split to create a transmitted carrier and a 
receiver-side tunable optical local oscillator. The laser output is cou-
pled to the fibre-optic link and transmitted to a receiving node with 
a second independent CS-SBS laser of the same design. The incom-
ing signal is optically mixed with a single-sideband-modulated 
local oscillator CS-SBS laser. This photomixed signal serves as the 

error signal for a homodyne optical phase lock24. The error signal 
is filtered by a proportional-integral2-derivative (PI2D) loop filter  
with integral poles at 50 kHz and 100 kHz, and fed back to the 
local oscillator tuning control to close the phase lock, completing  
the OFS-PLL. The high mutual coherence between Tx and Rx lasers  
results in ultralow residual phase error and improved phase lock 
capture- and hold-in range over a non-stabilized link. The line-
width reduction properties of the SBS laser reduce the mutual phase  
noise at frequency offsets outside the bandwidth of the final optical 
phase lock.

Linewidth-narrowed, cavity-stabilized optical carriers. The 
CS-SBS laser is shown in detail in Fig. 2. Linewidth narrowing 
occurs in two stages, with the second stage also performing carrier 
stabilization. In the first stage, the SBS laser reduces the semicon-
ductor pump laser fundamental linewidth from ~60 Hz to just over 
1 Hz (refs. 34,36). The pump laser is locked to an SBS cavity reso-
nance using a sub-megahertz-bandwidth PDH loop. The first-order 
Stokes SBS emission has frequency noise of 10 Hz2 Hz−1 at offsets 
near 100 kHz, dropping to ~1 Hz2 Hz−1 at offsets greater than 1 MHz 
from the carrier.

For the second stage of linewidth reduction and carrier stabili
zation, we utilized a compact, 25.4-mm Fabry–Pérot cavity with  
Q greater than one billion, housed in a vibration- and temperature- 
isolation enclosure33. Stabilization to this cavity reduces SBS fre-
quency noise within the bandwidth of the PDH lock, where envi-
ronmental and technical sources, as well as the conversion of 
erbium-doped fibre-amplifier-induced pump relative intensity 
noise to photothermal noise32,37,38 inside the SBS cavity, dominate. 
The thermal mass of the cavity is sufficiently large to yield a time 
constant for thermal conduction to the environment on the order 
of 5 min, and therefore it does not respond directly to external mac-
roscopic control on the timescale of these frequency noise sources 
(for example, changing the temperature of the reference cavity). 
The control loop must actively tune the optical frequency in the 
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Fig. 1 | Optically synchronized precision fibre link. A precision optical-frequency synchronized fibre link can be realized with independent CS-SBS lasers. 
SBS lasing is performed using an ultralow-optical-loss SiN photonic integrated circuit (PIC)34 for first-stage phase noise reduction of the fundamental 
linewidth to <1 Hz. Carrier stabilization is implemented with low-bandwidth sub-megahertz PDH feedback loops and locking to a compact reference cavity 
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low- to mid-frequency range of several hundred kilohertz. The 
PDH error signal is processed by a PI2D loop filter and controls the 
frequency of the VCO that drives the AOM. When the optical fre-
quency shift necessary to lock to the reference cavity approaches the 
maximum AOM tuning range, the temperature of the SiN SBS laser 
is adjusted to coarsely re-centre the optical carrier. The result is a 
low-bandwidth PDH loop that reduces SBS laser frequency noise 
within the loop bandwidth by more than three orders of magnitude, 
from ~104 to ~101 Hz2 Hz−1.

Frequency noise, linewidth and stability. Independent CS-SBS 
lasers were connected over 200 m of fibre (Fig. 3a). We characterized 
the laser frequency noise at each node and the open-loop hetero-
dyne beat note at the Rx (Fig. 3b–d). The following parameters were 
extracted (these are described further in the Methods): fundamen-
tal linewidth (FLW), integral linewidth (ILW) and Allan deviation 
(ADEV) of the FFI. Optical frequency noise was measured using a 
RF-calibrated fibre-based asymmetric Mach–Zehnder interferom-
eter (aMZI) as an optical frequency discriminator (OFD). The OFD 
measurements are valid down to offsets of 10 kHz, at which fibre 
noise in the aMZI dominates. Below the 10 kHz offset, we used an 
electrical frequency discriminator39 (EFD) to measure the frequency 
noise of the heterodyne beat note between the Tx and Rx pump, 
SBS and CS-SBS lasers, capturing the combined noise dynamics of 
each independent optical source. The heterodyne beat note noise 
trace over the 1 Hz to 10 MHz range was obtained by stitching the 
frequency noise of the Tx and Rx OFD traces (Fig. 3b,c) with their 
respective EFD measurements, as shown in Fig. 3d. Further details 
of the OFD and EFD measurements are provided in the Methods 
and in Supplementary Section II.

The FLWs of the Rx and Tx pump lasers (light blue and light red, 
respectively, in Fig. 3b,c) were measured at ~60 Hz. After the SBS 
lasing stage, the Rx and Tx SBS laser (medium blue and medium 
red, respectively, in Fig. 3b,c) FLWs were reduced to 1.0 Hz and 
2.4 Hz, respectively. After laser stabilization, the measured FLWs 
of the Rx and Tx CS-SBS (dark blue and dark red, respectively, in 
Fig. 3b,c) lasers increased to 3.4 Hz and 3.9 Hz, respectively. Servo 
bumps as the phase approached 180° and positive feedback near the 
loop bandwidths in the cavity lock loops at ~50 kHz and ~100 kHz, 
due to the different AOMs and electronics with different control 
bandwidths used in the experiments, were observed for the Tx and 
Rx CS-SBS lasers, respectively.

To understand the fundamental limits of cavity stabilization on 
CS-SBS frequency noise, we simulated the SBS stabilization stage 
using an ideal PDH lock by mapping experimental SBS frequency 
noise through a PI2D feedback loop with poles matched to those 
used in the experiment. The laser noise closely tracked the cavity  
frequency reference and the simulated CS-SBS (green curve in  

Fig. 3d) in-loop frequency noise was limited only by the cavity 
fundamental thermal noise. This simulation is presented in more 
detail in Supplementary Section I. We calculated the ILW of the  
heterodyne beat note signals using the β-separation method40 and 
by integrating phase noise from high offset frequencies down to the 
frequency offset at which the integrated phase noise equalled 1/π rad2  
(refs. 22,30). The calculated ILW of the beat note between Tx and Rx 
pump lasers was reduced from 133 kHz (β-separation) and 2.97 kHz 
(1/π) to 104 Hz (β-separation) and 43 Hz (1/π) for the CS-SBS laser 
beat note. Assuming Gaussian lineshapes and an equal contribution 
by each CS-SBS laser to the heterodyne 43-Hz (1/π) ILW41, each 
independent optical ILW was estimated to be ~30 Hz. The pump, 
SBS and CS-SBS linewidths are summarized in Supplementary 
Table 1. The beat note ADEV is shown in Fig. 3e, reaching a mini-
mum of 2 × 10−13 at 50 ms with a linear drift of 803 Hz s−1 starting 
to appear at ~50 ms (thermorefractive drift between cavities due to 
temperature changes in the laboratory). Additional ADEV details 
are provided in Supplementary Section III.

Precision, optically synchronized fibre link. The OFS-PLL (Fig. 4a)  
synchronizes the optical phase between two independent CS-SBS 
lasers connected by 200 m of optical fibre. The Tx and Rx signals 
were photomixed on a balanced photodetector (BPD) with band-
width of 45 MHz to generate a homodyne phase error signal24. 
The tunable local oscillator (LO) for homodyne phase locking was  
generated using a PI2D filtered phase error signal to control a 6-GHz 
VCO-driven optical phase modulator and an optical filter to select 
the upper sideband.

In open-loop operation, the phase error signal is the heterodyne 
beat note of the two CS-SBS lasers with the measured frequency 
noise characteristics shown previously in Fig. 3d, oscillating at 
the difference frequency of the Tx and Rx optical carriers. After 
engaging the phase lock, a digital oscilloscope is used to verify a 
zero-fringe-slip transition to closed-loop operation42 (Fig. 4b). We 
estimate a phase lock acquisition range of 700 kHz, which can be 
increased in future designs with a frequency pull-in loop. The phase 
noise power spectral density (PSD), Sϕ(f), of the in-loop phase error 
signal (received optical power of −14 dBm) is shown in Fig. 4c. The 
servo bumps from the CS-SBS cavity lock stages near ~40 kHz, and 
at ~1 MHz near the OFS-PLL bandwidth, are evident. Line noise 
from electronics and power supplies is seen at multiples of 60 Hz. 
We plot three curves (purple) representing summed, uncorre-
lated phase noise of two lasers having FLWs of 1, 10 and 100 Hz  
(frequency noise described by white noise only) to show the benefit  
of SBS lasing to reduce the laser FLW for low phase noise at 
high-frequency offsets. Residual phase error variances, σ2

ϕ, calcu-
lated by integrating the Sϕ(f) curve of Fig. 4c over several frequency 
sub-spans from an offset of 1 Hz up to the photodiode bandwidth of 
45 MHz, are summarized in Fig. 4d. The residual phase error vari-
ances are plotted over a span of 20 min for multiple received optical 
powers between −14 dBm and −44 dBm in Fig. 4e. At a low received 
signal optical power of −44 dBm, the residual phase error increased 
to ~8 × 10−4 rad2.

We estimated the performance of the OFS-PLL in a coherent link 
by relating the measured residual phase error to phase errors that 
can be tolerated for forward error correction (FEC)43 thresholds for 
high-order QAM, as shown in Fig. 4e. We calculated the minimum 
phase angle separation for nearest-neighbour QAM symbols11 and 
the resulting phase error thresholds for various modulation orders 
(M) and extended this result to a symbol error rate, assuming high 
optical signal-to-noise ratio (OSNR) and Gaussian-distributed 
phase noise. The measured OFS-PLL residual phase error vari-
ance of 3 × 10−4 rad2 is sufficient for at least 256-QAM transmission, 
for example, below the 400ZR C-FEC43 bit error rate of 1.25 × 10−2  
in a phase-noise-limited link using this estimation. In a low  
OSNR regime, phase noise is not the only consideration for link 
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performance, and requirements for residual phase error variance 
are more stringent44. Further details of this approximation are pro-
vided in Supplementary Section V.

Discussion
We have demonstrated a high-precision optical carrier synchro-
nized fibre link with low residual phase error variance based 
on independent chip-scale mutually coherent stabilized lasers. 
The ability to provide this degree of phase synchronization on a 
193-THz optical carrier using low-bandwidth electronics typical  
of RF links opens the door to new applications for precision optical- 
frequency-synchronized fibre links. By combining the phase noise 
reduction dynamics of SBS with the inherent stability of a com-
pact one-billion-Q reference cavity, we achieve a 43-Hz heterodyne 
beat note ILW and FFI better than 2 × 10−13 at 50 ms with indepen-
dent optical sources, over a 200-m fibre-optic link. We have used 
a novel OFS-PLL that delivers a residual phase error variance of 
3 × 10−4 rad2 with a loop bandwidth ~800 kHz and received optical 
power of −34 dBm. This performance is achievable for fibre lengths 
up to ~150 km, at which point contributions from low-frequency 
fibre phase noise, primarily driven by environmental sources4,  
surpass the cavity stabilization noise and impact the phase lock per-
formance. At high frequencies offset from the carrier, fundamen-
tal noise from thermomechanical and thermoconductive sources45 
will surpass that of the CS-SBS laser and dominate the SBS laser 
high-frequency noise. At these high-frequency offsets, performance 

will be dominated by fibre noise at lengths beyond ~300 km (further 
details are provided in Supplementary Section VI).

In the future, individual OFS-PLL components could be readily 
integrated into SiN and heterogeneous silicon photonic platforms46–48 
with milliwatt-tier bipolar CMOS electrical circuits. We estimate 
this will require several hundred milliwatts for silicon-photonic 
optical-frequency tuning46. The current demonstration employs 
bulk thermoelectric coolers for thermal control (consuming 
148 mW) and discrete components for optical-frequency tuning 
and amplification. Integration can mitigate this power consumption 
by heterogeneously integrating the SBS pump source49,50, reference 
cavities51,52, semiconductor optical amplifiers, waveguide heaters 
and co-located control electronics46. Other future directions can 
include adding a frequency pull-in stage to extend the capture range 
of the optical phase lock and operating with both polarizations to 
enable polarization-diverse sensing and optical communications. 
Additionally, the OFS-PLL will have advantages in high-order 
coherent optical communications with favourable power scaling 
and loop electronics that do not depend on symbol rate, in contrast 
to conventional DSPs. The photonic integrated CS-SBS laser source 
can serve as a single low-noise pump for integrated optical nonlinear 
microresonators to realize high-spectral-purity optical-frequency 
combs at the chip scale53. Such techniques will enable amortiza-
tion of complexity, cost and power consumption across many 
wavelengths. These results show promise for new applications that 
require ultrahigh-spectral-purity laser sources and precision optical  
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phase in compact, low-power implementations, such as distrib-
uted atomic clocks for timing and metrology and energy-efficient 
DSP-free terabits per second (Tbps) coherent optical links in data-
centre interconnects.
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Methods
Frequency noise of optical carriers. We directly measured the PSD of frequency 
fluctuations (frequency noise), Sν(f), of independent optical sources using a 
calibrated, optical-fibre-based aMZI optical-frequency discriminator. Optical 
frequency fluctuations of the laser under test were converted into analogue voltage 
fluctuations, which were sampled by an analogue-to-digital converter (ADC) and 
processed offline for spectral characterization. The fibre-based aMZI consisted of a 
200-m fibre delay in the asymmetric path and had a corresponding measured free 
spectral range of 1.026 MHz. The ADC sampling was performed using a real-time 
scope, triggered when the optical source was at the quadrature region of the aMZI 
transfer function. With known peak-to-peak voltage fluctuations, Vpp, and aMZI 
optical time delay, τD, the voltage PSD, SV(f) (in V2 Hz−1), was converted to FN 
(Sν(f), in Hz2 Hz−1), as a function of carrier offset frequency f, by

Sν(f) = SV (f)
[ f
sin (πfτD)Vpp

]2
(1)

This aMZI transfer function conversion between PSDs results in artificial 
spurs at integer multiples of the aMZI free spectral range due to the sin(·) term in 
the denominator, which are removed with a median filter in the data-processing 
step. Additional details of the OFD measurements are provided in Supplementary 
Section II and schematically in Supplementary Fig. 1.

Frequency noise of the optical heterodyne beat note. The optical-frequency 
discriminator FN measurements are dominated by fibre and vibration noise in 
the optical delay path at carrier offset frequencies below ~10 kHz, requiring an 
additional method to accurately report Sν(f) at low frequencies. We did this by 
optically mixing two lasers and measuring the frequency noise of the intermediate 
frequency (IF) signal with a MITEQ model FMDM EFD39. The voltage output 
scaled by the discriminator constant is the frequency error of the IF signal.  
The output was filtered with a fifth-order π-filter with bandwidth of 200 kHz  
to prevent aliasing of high-frequency noise into the region of interest (1 Hz to 
10 kHz) and then sampled by a high-resolution ADC. Additional details of the  
EFD measurements are provided in Supplementary Section II and schematically  
in Supplementary Fig. 1. The time-domain samples were processed offline for 
spectral measurements and yielded the frequency noise and ADEV plots reported 
in Fig. 3d,e. Additional details of the ADEV measurements are provided in 
Supplementary Section III and Supplementary Fig. 2.

FLWs and ILWs. We used the measured frequency noise, Sν(f), to calculate the 
FLW of each independent optical source. The FLW, also often referred to as the 
instantaneous or quantum-limited linewidth, gives rise to a laser’s Lorentzian 
lineshape for a white-noise-only laser and can therefore be determined by 
extracting the white noise floor in the FN spectra at high frequencies, where 
environmental noise is no longer dominant. The FLW (in hertz) is then given as

δν = πh0 (2)

where h0 is the white noise floor of Sν(f) in units of Hz2 Hz−1.
The ILWs of the optical sources were calculated using two approaches, 

the β-separation method40 and an integration of phase noise method2,30. The 
β-separation method is a modulation index approach to ILW calculation, 
accounting for the frequency noise components that contribute to lineshape 
broadening versus modulation that occurs at higher offset frequencies that does 
not increase ILW40. The second method2,30 integrates phase noise from a carrier 
frequency offset of infinity (highest measured frequency offset, and such that the 
maximum frequency is much greater than the ILW) to the frequency offset at 
which the integral equals 1/π rad2. For a white-noise-only laser, this integration 
yields the offset frequency corresponding to the full-width at half-maximum 
(FWHM) of the laser lineshape. Additional details of ILW calculations are provided 
in Supplementary Section IV and schematically in Supplementary Fig. 3. Linewidth 
results are summarized in Supplementary Table 1.

Optical phase lock of CS-SBS lasers. One CS-SBS laser was transmitted over fibre 
and optically mixed with a tunable CS-SBS Rx laser. We achieved tunability of the 
Rx CS-SBS laser using an electro-optic modulator driven by a VCO to generate 
phase-modulated optical sidebands. Using a fibre Bragg grating optical filter, 

the upper sideband (USB) was filtered out and the carrier and lower sideband 
suppressed. By tuning the frequency of the VCO, the filtered CS-SBS USB is made 
tunable. The tunable CS-SBS USB is homodyne photomixed with the transmitted 
CS-SBS carrier signal on a balanced photodetector to generate a phase error 
signal24 between the Tx and Rx lasers. The phase error signal passes through a PI2D 
filter with integrator poles at 50 kHz and 100 kHz and fed back to the VCO control 
port to close the phase-locked loop. The lock-acquisition range42,54 is estimated 
by detuning the initial frequency offset between the two lasers and attempting to 
engage closed-loop phase-locked operation with zero cycle slips. It was measured 
to be ~700 kHz, near the estimated servo loop bandwidth.

Residual phase error of the closed-loop OFS-PLL. For the phase lock 
performance results versus time and optical power in Fig. 4e, we measured the 
phase error signal during closed-loop operation, and we report the residual 
phase error variance25, σ2

ϕ rad2. We measured the peak-to-peak voltage, Vpp, of the 
open-loop homodyne signal (beat note between the two CS-SBS lasers near zero 
frequency detuning). During closed-loop operation, the phase error signal from 
the 45-MHz-bandwidth balanced photodiode r.m.s. voltage was measured on a 
digital storage oscilloscope for a time span of 2 s, sampled at 31.25 kHz, and VRMS 
divided by Vpp and scaled by π (a half-cycle of the IF signal corresponds to Vpp and 
π-rad phase error) is the phase error r.m.s. in radians, or the phase error standard 
deviation for a signal with zero mean. The square of this is the reported residual 
phase error variance, σ2

ϕ, in rad2. The phase lock performance was measured in this 
manner for each of the data points in Fig. 4e over a timescale of 20 min for each 
received optical power.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on reasonable request.
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