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Narrow-linewidth lasers are important to many applications spanning precision metrology to
sensing systems. Their miniaturization in the form of on-chip lasers is receiving increasing attention.
Here, a noise level that is consistent with a fundamental frequency noise of 9 mHz-Hz/Hz linewidth
(60 mHz linewidth) is measured in a Brillouin laser. The results leverage ultra-high-Q silica-on-
silicon resonators and point towards a new performance target for chip-based laser platforms.

INTRODUCTION

Brillouin microlasers were first studied about a decade
ago [1-4], and have emerged as a powerful platform for
narrow linewidth operation. Unlike conventional lasers,
Brillouin devices derive optical gain through a process
that is parametric in nature, but that resembles stimu-
lated emission on account of damping of the phonons in-
volved in the amplification process [5]. The phonon par-
ticipation drastically impacts the fundamental linewidth
of the Brillouin laser, increasing it by about 600 fold
(equal to the number of thermal Brillouin quanta at the
operating temperature) relative to the quantum limit [6],
and leading to a temperature dependent linewidth [7].
Otherwise, the linewidth formula is Schawlow-Townes
like in the way that it scales inversely with optical power
and roughly inverse-quadratically with cavity Q factor
[8]. These features provide a way to reduce fundamen-
tal linewidth even in the presence of the large thermal
noise contribution. The parametric nature of the Bril-
louin process also allows pump frequency noise to leak
into the laser frequency noise [9]. However, this leakage
is strongly suppressed when the optical cavity damping
is low relative to the phonon damping.

Nonetheless, as chip-based devices Brillouin lasers
present considerable challenges for narrow linewidth op-
eration. For example, specialized processing methods
are required to attain the highest possible optical Q
factors. Also, thermo-refractive noise [10, 11], which
scales about inversely with mode volume, is a signifi-
cant source of noise, especially at low offset frequencies.
Even with these challenges, early work attained Bril-
louin fundamental linewidths below 1 Hz [6]. Frequency
stability improvement was also demonstrated by locking
these devices to compact reference cavities [12]. Also sig-
nificant, the application of chip-based Brillouin devices
to microwave synthesis [13, 14] and Sagnac gyroscopes
[15-17] showed that thermorefractive noise and pump
noise do not significantly impact the relative coherence
of co-lasing Stokes waves (i.e., their beatnote linewidth).
Thus, such specific operational modalities can leverage
the narrow fundamental linewidths of chip-based Bril-
louin lasers. Towards full integration, narrow-linewidth

Brillouin laser designs have also emerged that feature in-
tegrated waveguides [16, 18, 19]. If combined with pump
sources, they could potentially provide robust sources of
high coherence light.

Here, we report measurement of an ultra-low frequency
noise level of 9 mHz-Hz/Hz in an on-chip stimulated Bril-
louin laser (SBL) at an output power of 0.9 mW. Both
the noise level and its power dependence when compared
to theory [6] suggest that it is fundamental in origin
and would correspond to a linewidth of 60 mHz. This
linewidth is 5x lower than in previous reports, and to
measure it an enhancement of the self-heterodyne opti-
cal frequency discriminator method [20-22] is applied.
Indeed, the current frequency noise measurement pro-
vides a way to test and analyze this noise measurement
method. The ultra-low noise level is made possible by
the high optical Q of the resonator in combination with
higher single-mode optical power through suppression of
Brillouin cascade [23].

BACKGROUND ON BRILLOUIN CASCADE

Phase matching for efficient Brillouin laser oscilla-
tion requires that the frequency separation between the
pumped resonator mode and Stokes laser mode equals
the Brillouin shift frequency (to within the Brillouin gain
bandwidth). For counter-propagating pump and Stokes
waves in the silica resonators studied here, the shift is
about 10.8 GHz for pumping near 1550 nm. Match-
ing this shift to within the Brillouin gain bandwidth is
readily accomplished by microfabrication control of the
resonator diameter, which aligns the free-spectral-range
(FSR) of the resonator to the Brillouin shift frequency [4].
However, because FSR dispersion is small compared with
the gain bandwidth, the neighboring longitudinal mode
readily phase matches to the initial Stokes laser wave,
and it will lase (i.e., lasing cascade [6]) when the initial
Stokes power reaches a certain threshold (Fig. la, up-
per panel). Cascading effectively clamps the laser power
of the first Stokes wave (now the pumping wave) and in-
creases its noise due to the second order Stokes wave [23],
both of which are undesirable for ultra-low-noise appli-
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FIG. 1. Operation of Brillouin lasers and experimental setup. a. Upper panel: spectral diagram for conventional
Brillouin laser operation, where the FSR is matched to the Brillouin frequency shift. Lower panel: spectral diagram for non-
cascading laser operation, where FSR is mismatched from the Brillouin shift. Markers below the modes indicate two transverse
mode families. Modes with the same marker shape belong to the same mode family. b. Experimental setup. An external-
cavity diode laser (ECDL) is amplified by an erbium-doped fiber amplifier (EDFA) and sent to a tapered fiber for coupling
to the resonator. The laser power is actively stabilized by an acousto-optic modulator (AOM) with power feedback from a
photodetector (PD). The laser frequency is Pound-Drever-Hall (PDH) locked to the resonance using an electro-optic modulator
(EOM) and the error signal feeds back directly into ECDL. The Brillouin laser wave, propagating in the opposite direction of
the pumping, is collected with a circulator. An optical spectrum analyzer (OSA) is used to monitor pump and SBL spectra and
to ensure that no cascading occurs. The laser output is also sent to an optical frequency discriminator to measure the frequency
noise. An auxiliary ECDL launched in the opposite direction to the pump is used for Q and dispersion measurements. The

detailed description of the optical frequency discriminator is provided in Fig. 3a.

cations. The introduction of dispersion within the same
mode family during microfabrication [24] or the use dif-
ferent transverse mode families for pumping and Stokes
oscillation [1, 2], as employed here, will block the cas-
cading action (see Fig. 1a, lower panel) so that Brillouin
laser power can increase well beyond the normal cascade
threshold point.

To inhibit cascade in this work, a silica wedge resonator
[4] is fabricated with an FSR of 8.9 GHz (smaller than the
Brillouin shift of around 10.7 GHz), which thereby pre-
vents cascade within any of the longitudinal mode fam-
ilies. Phase matching is then provided by pumping and
laser oscillation on modes belonging to different trans-
verse mode families. Because the resonator features a
moderate density of very-high-Q modes within one FSR
[25], the mode selection to enable phase matching is rel-
atively straightforward and is described below. The high
optical Q factor of both modes is important because the
laser threshold power is inversely proportional to both
the pump mode Q and the SBL mode Q. The experi-
mental setup is described in Fig. 1b.

PUMP AND SBL MODE SELECTION

To locate phase-matched high-Q mode-pairs in the res-
onator, the dispersion of several mode families is mea-

sured using a tunable external-cavity diode laser (ECDL)
together with a calibrated Mach-Zehnder interferometer
[26]. Measurements of several transverse mode families
(index m) plotted versus longitudinal mode number pu
are presented in Fig. 2. Before plotting, a constant off-
set frequency vg (here taken as the SBL frequency) is
subtracted as well as a linear dispersion term equal to
1 x FSR where FSR is the free spectral range of the
Brillouin laser mode (see below). The plotted lines are
therefore given by: Av' = v —vg — pu x FSR, where
v is the frequency of longitudinal mode p belonging to

”w
transverse mode family m.

Two mode families are highlighted using blue and
green data points. Simulated mode field distributions of
these two modes are shown in the Fig. 2 inset, and the
modes are determined to be the TM2 (green) and TM4
(blue). The TM2 mode is selected as the lasing mode
and the plot uses its FSR in the calculation of AVL”. As
a result, the green data points appear horizontal in the
plot. Both of these mode families feature high intrinsic
Q-factors around 400 million and also experience only a
few mode crossings over a wide wavelength band. The
pump mode must be located one Brillouin shift higher
in frequency relative to the laser mode frequency. This
condition, represented by the red phase-matching line in
Fig. 2, is wrapped (modulo the Brillouin shift) in mak-
ing the plot, and the pumping wavelength is determined
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FIG. 2. Mode selection for non-cascading Brillouin

laser operation. Mode dispersion of the resonator is mea-
sured over a spectral region spanning several hundred longitu-
dinal mode numbers. The intended SBL mode family (TM2)
is highlighted in green and its corresponding pump phase-
matching line is shown in red. The intended pump mode
family (TM4) is highlighted in blue. First order dispersion is
introduced into the plot so that the laser mode family data
points appear horizontal. Left insets. Simulated electric
field distributions (norm) of the TM4 and TM2 modes. Scale
bars are 5 um. Lower right inset. Measured electrical spec-
trum of the pump and Brillouin laser beatnote signal.

to be around 1563 nm. The lasing threshold is 0.9 mW
and the generated laser output power exceeds 0.9 mW at
pumping power of 35.7 mW. The beatnote of pump and
SBL signals is also shown as an inset in Fig. 2.

CROSS-CORRELATION METHOD

The self-heterodyne optical frequency discriminator
approach [20-22] was first applied to measure the fre-
quency noise spectral density of the generated laser sig-
nal (Fig. 3a). However, at high offset frequencies (above
1 MHz), the frequency noise floor and measurement
sensitivity were found to be limited by technical noise
from the photodetector (PD), which is quantified by the
noise equivalent power (NEP). This technical noise pre-
vented measurement of fundamental frequency noise be-
low 0.1Hz? /Hz. To overcome this limitation, we applied
cross correlation (XCOR) of the electrical signals pro-
duced at the interferometer output. Electrical oscilla-
tors employ XCOR with a reference oscillator to measure

phase noise [27] and it has also been applied recently to
measure frequency-comb generated microwave signals by
heterodyne with two reference comb signals [28]. The
present measurement is distinct in applying XCOR to op-
tical phase noise measurement, and also does not require
reference optical or radio frequency oscillators. More-
over, the very low frequency noise of the device studied
here illustrates the power of XCOR to boost sensitivity
in this context.

As shown in Fig. 3a, the measurement setup em-
ploys an AOM to split the input light into frequency-
shifted (1%% order output) and un-shifted parts (0" or-
der output), the latter being delayed by a 1-km-long
fiber. However, instead of a single photodetector, two
photodetectors receive the optical signals. Their out-
puts are recorded using an oscilloscope for subsequent
XCOR to remove detector technical noise. The AOM
is driven with a 55 MHz radio-frequency signal, which
also determines the carrier frequency of the electrical sig-
nals from the two PDs. These signals are acquired with
an oscilloscope having a 500 MHz sampling rate to pre-
vent aliasing of the signal. AC coupling is used to block
the low-frequency components at the oscilloscope. De-
lays between the channels are estimated to be less than
0.5 ns and are not considered in subsequent analyses. 0.2
seconds of waveform (100 x 10° points in each channel,
200 x 10¢ points total) are collected and transferred to
a computer for processing. Phase signals are extracted
with a Hilbert transform. The Hilbert transform creates
distortions at the endpoints of the signal, thus the first
and last 10 ms (5 x 10% points) for each channel are dis-
carded after the transform. The remaining points are
separated into segments (rectangular windowing), each
with a 0.1 ms length (corresponding to a resolution band-
width of 10 kHz) and Fourier transformed to extract the
phase noise amplitude at a given offset frequency. For off-
set frequencies less than 200 kHz, resolution bandwidths
are made smaller, and the segment lengths are adjusted
accordingly. The correlation can then be found as the
product between the Fourier coefficients of the two phase
signals, averaged over different segments.

The correlation of the frequency noise measured by
the cross-correlator contains contributions from both fre-
quency noise and intensity noise:

Co(f) = f2Cs(f) = FPCalfe + f) + Calfc = N (1)

where Cy(f) and C,(f) are the transferred phase and
amplitude noise at offset frequency f:

Colf) = [2—2(1 — oBW) " cos(27rff)]%5u(f) @)

Calf) = [2+2(1 — 7oBW)* cos(2nfr)] 1S1(f)  (3)

Here S, (f) and Sy(f) are the two-sided spectral densities
of frequency noise and relative intensity noise (RIN) of



the laser, BW is the resolution bandwidth of the cross-
correlator (taken as 10 kHz), 79 is the delay time of the
frequency discriminator measurement setup, and zt =
max(0, x) is the ramp function. We assumed that noise
at different offset frequencies are independent. The ramp
filter term before the cos(2wf7) term is an artifact of
the rectangular window chosen. Using a window with
higher dynamic range decreases the filtering effect at the
expense of offset frequency resolution. To separate the
frequency noise and RIN, we tune the carrier frequency f.
to an integer multiple of 1/79. In this case the correlation
reads

Colf) =2 [1 = (1= BW)" cos(2rfr0)] S,(/)
1

-3 [1 +(1- TOBW)+COS(27rfTO)]

< f2(S1(fe+ f)+ Si(fe = f)) (4)

where the modulations on frequency noise and RIN are
now completely out of phase. The DC and 1/7y frequency
components of the correlations are extracted by filtering
and then recombined to remove the intensity noise and
estimate the frequency noise. Error bars of each corre-
lation are determined by the variance of the correlation
over different signal segments, and then propagated to
the estimated frequency noise.

FREQUENCY NOISE MEASUREMENT

A comparison of the measurements both with and
without application of the XCOR method is presented
in Fig. 3b. Here, the red trace is a phase noise analyzer
measurement of the electrical signal produced by detec-
tion of a single output from the interferometer, while the
blue trace results by applying the XCOR meausurement.
Both traces overlap well at low offset frequencies (below
500 kHz), and a single PD is sufficient to measure the
frequency noise accurately. At these frequencies noise is
believed to be thermo-refractive in origin based on simu-
lations [30] shown in the figure (dashed line). However, at
higher offset frequencies, the noise measurement sensitiv-
ity is enhanced by 10 to 15 dB using the XCOR method.
Here, the detector noise is suppressed by cross correla-
tion. As an aside, the Pound Drever Hall locking loop
(see experimental setup in Fig. 1b) has a bandwidth of
10 kHz and we believe it does not influence the measured
noise at high offset frequencies.

The rising noise levels at the highest offset frequencies
in the XCOR data are not believed to be fundamental
and, instead, are attributed to the short averaging time
resulting from the limited memory of the oscilloscope.
Also, the noise spectra measured using the conventional
(non XCOR) approach contain spurs that originate from
destructive interference produced by the delay in the in-
terferometer (first order corresponds to 1/79 = 214 kHz,
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where 79 = 4.67 ms is the delay time). The spectral mod-
ulations resulting from the interference are shown in Fig.
3c, which gives the electrical spectrum of a detected out-
put from the interferometer. These modulations, once
digitally removed in the phase noise spectra, leave the
spurs as an artifact.

A narrow portion of the measured XCOR spectrum
Fig. 3b is approximately white noise like. By averag-
ing the measured frequency noise between 1.5 MHz to
2 MHz, this frequency noise level is estimated to be 9
mHz - Hz/Hz (equivalent to a Lorentzian linewidth of 60
mHz). To investigate the possible origin of this noise we
measured the frequency noise noise at several laser power
levels. The results are summarized in Fig. 3d and vary
inversely with laser power which is consistent with fun-
damental laser frequency noise. As an additional check,
the theoretical fundamental frequency noise level can be
calculated and compared to the measured noise. The las-
ing TM2 mode has a loaded (external) quality factor of
QT = 269 x 105 (Qex = 729 x 10°). Using the funda-
mental linewidth formula for the Brillouin laser [6], the
two-sided frequency noise of the laser is given by,

hz/g’nth
SuF=s——F7—
2Q1QexPsBL

where h is the Planck constant, Psgr, is the SBL output
power, vy = 191.8 THz is the optical frequency of the
SBL and mnyy, is the thermal occupation of the phonon
mode. At room temperature, ny, =~ 568, which gives
Sy r X Pspr, = 6.77 mW - mHz - Hz/Hz. The fundamen-
tal frequency noise is plotted in Fig. 3d assuming a zero
alpha parameter [29] and is in good agreement with mea-
sured data.

It is important to also consider the level of pump fre-
quency noise that couples into the SBL frequency noise,
given by

()

2
K
S () o

where Sp is the two-sided frequency noise of the pump
laser, and the factor involving k = 271y /QT and T (the
Brillouin gain linewidth) gives the suppression of pump
frequency noise by the Brillouin process [9]. The fre-
quency noise of the pump laser (Newport, TLB-6728)
was measured to be 90 Hz?/Hz at 1 MHz offset fre-
quency. This requires a Brillouin suppression factor of
about 45 dB in order for coupled pump frequency noise
to be less than the measured frequency noise level. Us-
ing the measured Qr in the suppression formula gives
a Brillouin gain linewidth of about I'/(27) = 130 MHz
which is around 3x larger than in our previous measure-
ments of SBL in silica [6]. This discrepancy might orig-
inate from higher-order acoustic mode participation in
the two transverse mode SBL generation. Such a mode
could have a larger phonon decay rate. Phonon decay
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FIG. 3. Brillouin laser frequency noise measurement. a.

Experimental setup of the optical frequency discriminator in

Fig. 1b. b. SBL frequency noise measured by conventional optical discriminator method in combination with an electrical
phase noise analyzer (red) and by the cross-correlation technique (blue). The light blue shading shows the error range (standard
error of the mean). The average frequency noise between 1.5 MHz and 2 MHz offset frequency is 9 mHz - Hz/Hz and is shown

as a horizontal dashed line. The dashed curve (dark gray) shows t
low-offset-frequency portion of the frequency noise as measured

he simulated thermorefractive noise for the laser mode. Inset:
by the phase noise analyzer. c. Electrical spectrum of the

frequency discriminator output from a single PD. d. Theoretical fundamental frequency noise plotted versus laser output power
(black line) [6] assuming a zero alpha parameter [29]. Dots are inferred from measurement data and error bars are standard

deviations.

rates as large as 150 MHz have been reported for silica-
based structures in the literature [16]. Importantly, the
SBL pumping power was varied by attenuation using the
AOM (Fig. 1b) so that pump frequency noise Sp did not
change during the collection of the data in Fig. 3d. It
cannot therefore explain the inverse power dependence
observed in Fig. 3d. Nonetheless, the limited spectral
span of the white noise data, makes it difficult to com-
pletely confirm the origin of the noise. We are currently
working towards increasing the spectral span over which
ultra-low white noise level is observable.

DISCUSSION

We have demonstrated sub-10 mHz-Hz/Hz fundamen-
tal frequency noise levels using a chip-based Brillouin
laser. The low noise level results from a combination of
the high-Q resonator with increased operational power
through non-cascading operation. The frequency noise
level was too low to measure using conventional optical
discrimination methods and cross-correlation was applied
to this technique to obtain a sensitivity boost as large as
15 dB.

Several other strategies might be employed to achieve
further noise level improvements. For example, increas-
ing laser power ultimately leads to under-coupling of the
pump mode to the resonator caused by back action from
the lasing mode. This, in turn, decreases differential ef-
ficiency and laser power. To isolate this loading back

action, a single-cascading scheme can be used (Fig. 4a),
which would block the cascade at the second order (in-
stead of first order). In this configuration, pump loading
would remain constant. A calculation showing the poten-
tial improvement is provided in Fig. 4b, and a demon-
stration of this scheme using the same resonator as in the
text is shown in Fig. 4c. At yet higher laser powers, para-
metric oscillation due to the Kerr effect within the trans-
verse mode families could limit operation. However, it
should be possible to inhibit this oscillation through dis-
persion engineering [31] or possible operation in the nor-
mal dispersion regime. Finally, operation with reduced
amplitude-phase coupling is also important for minimiza-
tion of the Brillouin laser linewidth [29].

Overall, the results presented here demonstrate the po-
tential for silica-based high-Q laser platforms to achieve
extremely narrow fundamental laser linewidths. Even
while the noise at low offset frequencies remains high,
these noise sources can be suppressed in applications such
as the Sagnac gyroscope that rely upon relative noise of
co-lasing waves. Likewise, applications that are sensitive
to only short-term frequency noise can benefit from these
improvements.

Data availability. The data that support the plots
within this paper and other findings of this study are
available from the corresponding author upon reasonable
request.
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FIG. 4. Proposed single-cascading Brillouin laser

pumping scheme. a. Spectral diagram for single-cascading
Brillouin laser operation. Markers below the modes indi-
cate their transverse mode families. b. Calculated output
laser power versus pump power for non-cascading (green) and
single-cascading (orange) pumping schemes, assuming con-
stant external coupling to resonator modes from the tapered
fiber. Dashed gray line shows the output power of the first
Stokes mode in the single-cascading pumping scheme, which is
clamped at the lasing threshold when the first-order cascaded
mode start to lase. c¢. Measured optical spectrum traces
showing single-cascading SBL action. Blue and red traces are
the forward and backward output power from the resonator,
showing the pump, Stokes and cascade modes, and second-
order cascade lasing is not observed.
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