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ABSTRACT
We demonstrate the direct locking of a 820 kHz linewidth semiconductor distributed feedback laser to a high finesse, compact, and ultrastable
reference cavity using the optoelectronic (OEO) laser locking method, resulting in cavity thermal noise-limited phase noise performance. We
compare the OEO lock to the standard Pound–Drever–Hall method, demonstrating several new aspects and advantages of the OEO lock in
attaining low phase noise from noisy lasers, including reducing the residual laser noise by more than 140 dB compared to its free-running
level at a 10 Hz offset. In addition, we introduce a new RF feedforward noise-correction scheme that transfers the stability of the ultrastable
reference cavity to an optical frequency comb even if the cavity-stabilized laser itself has high residual noise. We also reveal an OEO lock
state that is capable of extremely high levels of laser noise rejection using feedforward, exceeding current theoretical models by ∼15 dB. By
combining compact laser sources with sub-1 ml volume and ultrastable optical cavities, this work enables extremely compact and robust
ultrastable laser systems with applications in low phase noise microwave generation, sensing, and satellite ranging.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297890

I. INTRODUCTION

Ultrastable optical frequency references are vital components
in optical atomic clocks,1 low noise microwave generation via opti-
cal frequency division,2–4 gravitational wave detection,5 environ-
mental sensing,6,7 and quantum networking,8,9 with applications
ranging from geodesy,10 global hydrodynamics,11 and earthquake
detection12 to microwave spectroscopy13 and synthetic aperture
radar.14,15 To achieve the requisite level of performance, lasers need
to be stabilized to a frequency reference, such as a Fabry–Pérot
(FP) cavity, fiber delay line,16 or integrated on-chip resonator.17,18

Although many methods have been demonstrated to stabilize
lasers to frequency references19–24, Pound–Drever–Hall laser lock-
ing (PDH) has been the gold standard for more than 40 years. This
is due to its numerous advantages, including robustness and a large
signal-to-noise ratio, which allow for laser stabilization to less than

10−5 of the width of a resonance of a reference cavity, resulting in
millihertz linewidth lasers.25

Despite its excellent track record, the PDH locking method
has disadvantages, particularly for compact ultrastable laser sys-
tems. Successful locking to a high-finesse cavity typically requires a
laser linewidth that is narrow to begin with. For example, kHz-level
linewidths from fiber lasers, extended cavity or external-feedback
diode lasers, nonplanar ring oscillator (NPRO) lasers, or otherwise
pre-stabilized lasers are required to reach Hz-level laser stability.26

With out-of-the-lab applications of ultrastable lasers moving toward
compact chip-scale solutions, direct PDH locking becomes more
challenging, as chip-scale lasers tend to have much larger linewidths.
Furthermore, limited feedback gain at high offset frequencies results
in unsuppressed residual laser noise, forming a “servo bump” in
excess of the cavity noise limit. Such noise bumps are detrimental
to, for example, optically derived low noise microwave signals.
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As an alternative method to overcome these drawbacks,
optoelectronic oscillator (OEO) laser locking offers a compelling
approach. First proposed, to the best of our knowledge, in 1998 and
2000,27,28 this method was revived in 2024 with new measurements,
the addition of an optical feedforward noise correction, and new the-
oretical analysis.29 In the OEO laser locking method, the laser phase
noise is written onto the phase of an RF (radio frequency) carrier that
oscillates in a regenerative OEO loop. The transference of the laser
phase noise to the RF domain has the advantages of (1) enabling
a feedback-locking servo that is proportional to phase fluctuations
to provide greater noise suppression, and (2) facilitating simple-to-
implement feedforward noise correction, where the phase noise of
the laser is mixed with the phase noise on the OEO-generated RF
carrier. In Ref. 29, this feedforward was implemented by correcting
the laser phase with an acousto-optic modulator (AOM) that was
driven by the OEO carrier.

In this paper, we demonstrate several new capabilities and
extreme noise suppression with an OEO laser lock to a sub-1 ml vol-
ume FP resonator that make significant advances toward integrated
photonics compatibility. First, we demonstrate a new feedforward
correction scheme amenable to a large class of applications that
rely on heterodyne detection with another optical source, such as
optical frequency comb stabilization, microwave generation, or laser
frequency-based sensing. With this new and simple RF feedforward
noise correction scheme, we demonstrate locking of an optical fre-
quency comb to an OEO-locked laser with high residual noise, where
the resultant comb noise is nonetheless at the FP cavity thermal noise
limit. We further show that careful tuning of the OEO oscillation
frequency results in feedforward-corrected laser noise suppression
that is 15 dB larger than current theory predicts. Finally, we show
OEO laser locking can stabilize lasers with much higher noise than a
PDH lock can handle, where the free-running linewidth of the laser
is ∼820 kHz. Feedback control of this laser results in residual laser
phase noise at 10 Hz offset that is >140 dB below the free-running
laser noise. We estimate this noise suppression is ∼70 dB greater
than is possible with PDH using the same servo electronics (although
robust PDH locking was in fact not possible with this laser). Feed-
forward correction then further reduced the effective noise, yielding
∼35 dB suppression at 1 MHz and >20 dB suppression at 5 MHz
offset from the carrier frequency. By combining a compact laser
source with our compact reference cavity, these results demonstrate
a simple, low noise, cost-effective approach to ultrastable laser lock-
ing well-matched with many use cases of ultrastable lasers while
remaining compatible with integrated photonics.

II. PRINCIPLE OF OPERATION
In this section, we briefly review the operating principle behind

the OEO laser lock, and we describe how its operation allows for
low noise control of optical frequency combs or other heterodyne
beat signals. A schematic of the locking setup is shown in Fig. 1.
Just as with a PDH lock, a continuous-wave (CW) laser is first
modulated by an electro-optic phase modulator (EOM), generating
discrete modulation sidebands. Unlike PDH, the modulation is cre-
ated by a regenerative optoelectronic feedback loop, starting from
noise. After passage through the EOM, the laser illuminates an ultra-
stable optical frequency reference with the laser frequency detuned
from the nearest resonant optical mode. The reflection from the

cavity is then directed to a photodetector. The signal from the pho-
todetector is amplified and fed into the RF modulation port of the
EOM, forming the regenerative OEO loop. Note that the frequency
detuning between the laser and the cavity mode should be within the
photodetector and EOM modulation bandwidth.

At the beginning of the OEO oscillation, the laser is modulated
with white noise, creating broadband phase modulation of the laser.
The frequency component of this modulation that is resonant with
the optical cavity experiences a phase shift upon reflection, convert-
ing the original phase modulation to amplitude modulation that can
be photodetected. If the detuning between the laser frequency and
the cavity mode is also a resonance of the OEO loop, and the loop
gain is sufficient, self-sustaining OEO oscillation occurs, creating a
discrete sideband that is aligned with the mode of the optical cavity.

The OEO loop keeps the OEO modulation sideband on reso-
nance with the optical reference cavity despite fluctuations in the
optical carrier frequency. When the laser frequency shifts, if the
modulation frequency is fixed, the sideband frequencies will shift
commensurately. However, light stored in the optical cavity leaks
out and heterodynes with the laser carrier. This shifts the frequency
of the beat that defines the OEO oscillation frequency, thereby shift-
ing the EOM modulation frequency. The adaptive shift in the EOM
modulation frequency compensates for fluctuations in the laser fre-
quency to keep the sideband on resonance with the optical cavity.
The shorter the OEO loop delay, the faster the phase modulation
frequency will shift to compensate. Similarly, the longer the cavity
storage time, the stronger the restoring force to keep the sideband
on resonance. Since the sideband stays resonant with the optical
cavity, the laser phase noise (relative to the optical cavity mode) is
transferred to the OEO oscillation frequency.

The transference of the laser phase noise to the OEO signal
can be exploited for feedback and correction of the phase noise of
the laser,28 yielding a large reduction in the laser noise. Feedback to
the laser also prevents large deviations in the laser frequency that
would quench OEO oscillation. As discussed in more detail in the
supplementary material, in the high gain limit, the noise reduction
of this phase lock is greater than that of PDH due to the fact that, for
PDH, the error signal is proportional to frequency rather than phase.
As we show below, this allows for robust locking of lasers that have
much higher free-running phase noise while still reaching the cavity
thermal noise limit.

The fidelity by which the laser phase noise is transferred to the
OEO frequency can be calculated through a linearized model (see
Refs. 28 and 29 and the supplementary material). The ratio of the
phase noise power spectral density (PSD) of the OEO frequency,
SOEO

φ ( f ), to the laser phase noise PSD, SL
φ( f ), is given by

SOEO
φ ( f )/SL

φ( f ) ≈ (
τcav

τcav + τOEO
)

2
. (1)

Here, τOEO is the propagation time around the OEO loop exclud-
ing the optical reference cavity, and τcav can be interpreted as the
group delay of the cavity or the storage time of the optical field (twice
the cavity intensity ringdown time). As τcav can exceed τOEO by
several orders of magnitude, the OEO frequency gives an excellent
approximation of the laser phase noise.
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FIG. 1. (a) Schematic of the OEO laser lock (top) and RF feedforward correction (bottom). (b) Frequency domain representations of the laser, cavity mode, and resonant
sideband (top left); OEO frequency (bottom left); direct heterodyne beat with an optical reference (top right); and feedforward-corrected heterodyne (bottom right).

The residual laser phase noise can be further suppressed in
a simple manner with feedforward correction, particularly impor-
tant at large offset frequencies where the feedback gain is reduced.29

Feedforward correction subtracts the phase noise of the OEO loop
frequency from the laser, such that the level of noise suppression
with feedforward is given by

(SL
φ − SOEO

φ )/SL
φ = (1 −

τcav

τcav + τOEO
)

2
= (

τOEO

τcav + τOEO
)

2
≈ (

τOEO

τcav
)

2
.

(2)
With a τcav of a high finesse cavity as high as tens of μs and

with a τOEO of tens of ns, Eq. (2) implies feedforward correction
can be greater than 60 dB for large, laboratory-based cavity systems.
For compact, 1 ml-volume cavities, feedforward correction can still
be greater than 40 dB. Feedforward correction can be implemented
by actuating on the laser with an AOM, as demonstrated in Ref.
29. However, for many important applications of cavity-stabilized
lasers, such as frequency stability transfer with an optical frequency
comb, feedforward does not need to be applied in the optical
domain. Rather, feedforward correction can be applied to the hetero-
dyne beat between the OEO-locked laser and the frequency comb or
other laser source. Implementing this RF feedforward is performed
by simply frequency-mixing the OEO oscillation frequency with
the heterodyne beat. Such RF feedforward has the advantages that
no additional electro-optic components are required, the OEO fre-
quency need not match the resonant frequency of an AOM, and the
correction bandwidth can be MHz wide. This is particularly advan-
tageous when locking lasers with higher broadband noise, such as
standard semiconductor lasers. It is important to note that feedfor-
ward correction is possible with PDH locking as well by taking the
voltage error signal, finely tuning the voltage gain, and applying it to
an electro-optic actuator.30,31 However, feedforward with the OEO
lock has the distinct benefits of a correction signal that is encoded
in the phase of an RF carrier rather than a baseband voltage (such
that no gain control is necessary), simple implementation with a fre-
quency mixer, and, as shown in detail below, large noise suppression
over a large bandwidth.

Finally, it is important to note that the linearized model fails
to capture high-power effects, such as higher-order EOM phase

modulation sidebands and the generation of harmonics of the OEO
frequency, that may alter the relationship between the laser and OEO
frequencies. Below, we show that, for a system appropriately tuned,
the feedforward correction can be much greater than this model
predicts.

III. EXPERIMENT AND RESULTS
We conducted four series of experiments on the OEO laser

lock with the RF feedforward scheme and its noise suppression
capacity: a comparison between PDH and OEO locking of a narrow
linewidth fiber laser; optical frequency comb stabilization with RF
feedforward; nonlinearity and feedforward noise suppression inves-
tigations; and OEO locking of a much larger linewidth distributed
feedback (DFB) laser. For all experiments, the lasers were locked
to an in-vacuum-bonded Fabry–Pérot “minicube” cavity made of
ultralow expansion (ULE) glass. The cavity is manufactured with
a micro-fabricated mirror and is diced out of a cavity array. In-
vacuum bonding of the cavity mirrors and spacer provides a vacuum
gap between the mirrors while the cavity is operated in air, result-
ing in thermal noise limited performance in a compact package.
The cavity spacer length is 4 mm with a corresponding free-spectral
range of 37.5 GHz, a finesse of about 540 000, and a full width of
the resonant modes near 1550 nm of ∼70 kHz (such that the res-
onator quality factor is ∼2.7 × 109). The cavity volume is less than
1 ml, and it is placed in an air-tight enclosure measuring 50 × 50
× 30 mm3. The cavity enclosure is not actively temperature sta-
bilized and rests on a vibration isolation platform. More details
of the cavity construction and performance may be found in
Refs. 32 and 33.

A. Comparisons between OEO and PDH locking
First, we compared the phase noise performance of PDH and

OEO laser locking using a narrow linewidth 1550 nm fiber laser.
Locking with PDH followed the standard scheme,34 where we uti-
lized a 29 MHz source to sinusoidally modulate the laser phase,
generating a voltage error signal that is proportional to the difference
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between the laser frequency and the frequency of the FP cavity res-
onant mode. The error signal voltage is then conditioned by a loop
filter servo with proportional, integral, and differential gain, the out-
put of which is used to correct the laser frequency. Fast frequency
corrections were performed via an AOM external to the laser, while
slow, large dynamic range corrections were implemented using a
piezoelectric transducer (PZT) to change the laser cavity length. For
the OEO lock, the phase modulation source was replaced by the
regenerative loop, as shown in Fig. 2(a). The OEO loop delay is
25 ns, determined by measuring the frequency separation between
the fundamental OEO resonance and its harmonics. With this loop
delay and a FP cavity half-linewidth of 35 kHz, from Eq. (2), the
anticipated laser noise rejection with RF feedforward is ∼45 dB.
Importantly, no electrical filters are included in the OEO loop, as
their inclusion can significantly increase the loop delay. The OEO
loop was enclosed, although not vibration isolated. Importantly, the
broad resonance of the OEO loop reduces its sensitivity to envi-
ronmentally induced length fluctuations. This allows for continuous
operation for days.

Any mode within the photodetector bandwidth may be chosen
as the OEO oscillation frequency by appropriately detuning the laser
frequency from the FP cavity mode. For the experiments reported in
this section, the OEO frequency was chosen to be 85 MHz. Feed-
back correction to the laser was implemented by frequency-mixing

the OEO frequency with an RF reference oscillator. (The RF oscil-
lator noise should be lower than that of the reference cavity, a
condition that is easily met in practice. Moreover, as shown in the
supplementary material, the RF oscillator noise is greatly suppressed
with our feedforward correction scheme.) The error signal from the
phase locked loop then corrects the laser fluctuations using the same
loop filter servo settings and feedback actuators as the PDH setup.
In addition, for the fairest comparison, the optical power was kept
the same between the two setups, as was the power of the RF signal
applied to the EOM. In contrast to PDH, the resulting voltage error
signal is proportional to the phase error of the laser.

Resulting residual and out-of-loop phase noise measurements
are shown in Fig. 2(b). The out-of-loop measurements were per-
formed by heterodyning against independent ultrastable lasers
and utilizing the cross correlation measurement technique.35 This
method reveals the noise of the laser under test by rejecting the noise
of the reference lasers and was particularly important for noise offset
frequencies greater than ∼1 kHz. For PDH, the residual, or in-loop,
laser phase noise is determined by measuring the voltage noise of the
error signal and calibrating against the slope of the discriminant.36

For the OEO laser lock, the in-loop noise is the phase noise of the
OEO carrier frequency when the feedback to the laser is engaged.

The free-running phase noise of the fiber laser is shown in the
dotted gray curve in Fig. 2(b). To determine the free-running fiber

FIG. 2. (a) OEO laser lock schematic with fiber laser and minicube reference cavity. (b) Phase noise spectra with high bandwidth feedback using an AOM, comparing PDH
and OEO locking with RF feedforward. Both locking methods use the same laser, loop filter, AOM for feedback control, and optical reference cavity. The OEO lock with
RF feedforward follows the cavity noise limit for offset frequencies below ∼100 kHz. The fiber laser’s free-running noise and the in-loop residual noise of the laser for both
PDH and OEO lock are shown as well. (c) Comparison of the phase noise of the fiber laser with slow, PZT-only feedback control with and without RF feedforward. With RF
feedforward, the phase noise is indistinguishable from the phase noise where high bandwidth AOM feedback is used.
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laser linewidth, we applied the beta separation-line method.37 Inte-
gration of the noise to 1 Hz yielded a linewidth of 16 kHz. When
locked using PDH, the phase noise of the laser output is reduced,
yielding the dark red curve, and follows the cavity noise limit for
offset frequencies below ∼10 kHz. For larger offset frequencies, the
out-of-loop noise increases above the cavity noise limit, forming a
“servo bump.” Comparison to the residual noise curve (light red)
confirms the servo bump is a result of unsuppressed free-running
laser noise due to the reduced gain in the feedback control circuit at
higher offset frequencies. Note that the PDH residual noise shown
here is corrected at a higher frequency offset, since the PDH error
acts as a phase discriminator for offset frequencies outside the cav-
ity linewidth. More information can be found in Ref. 38 and the
supplementary material.

Exchanging the PDH circuit with the OEO laser lock with RF
feedforward results in the out-of-loop phase noise shown in Fig. 2(b)
in dark blue. As with PDH, the phase noise follows the cavity limit
for low offset frequencies. Without feedforward correction, the noise
at offset frequencies above 10 kHz would show a similar servo bump
as PDH, because the feedback bandwidth is limited in the same way
as PDH, as indicated by the residual OEO loop noise (light blue
curve). RF feedforward correction on the heterodyne beat eliminates
the servo bump, reducing the noise at 100 kHz by ∼20 dB to a floor
near −110 dBc/Hz. Techniques that further suppress this floor are
discussed in Sec. III C. It is also interesting to compare the residual
laser noise of PDH and OEO locking at low offset frequencies, where,
even without feedforward correction, the OEO lock suppresses the
laser noise 120 dB at 10 Hz offset, 50 dB more than PDH.

To further demonstrate the ability of feedforward correction,
we increased the residual fiber laser noise by removing the AOM
from the feedback circuit, leaving only the low-bandwidth PZT actu-
ator. This greatly decreased the feedback bandwidth and increased
the laser noise, as shown in the out-of-loop beat note in Fig. 2(c).
Correction to the beat note with RF feedforward reduced the noise

by more than 45 dB, restoring the phase noise to the cavity limit. This
level of noise rejection is larger than expected from Eq. (2). Further
experiments to clarify this discrepancy are described in Sec. III C.

B. Stability transfer to an optical frequency comb via
RF feedforward

We demonstrate the utility of the RF feedforward by transfer-
ring thermal noise-limited cavity stability to an optical frequency
comb (OFC) despite the fact that the optical signal itself can have
excess noise from the source laser. Locking an OFC to a cavity-
stabilized laser typically requires the formation of a heterodyne
beat between the cavity-stabilized laser and a comb tooth of the
OFC. This beat note is then used in a phase-lock loop to stabi-
lize the comb to the cavity-stabilized laser. For our demonstration,
we phase locked a home-built octave-spanning Er:fiber-based opti-
cal frequency comb to the OEO-locked fiber laser, the schematic of
which is shown in Fig. 3(a). The OFC’s offset frequency is stabilized
with a conventional f–2f interferometer, and the comb contains an
intracavity EOM for tight phase locking to optical references4. The
fiber laser was locked to the minicube cavity with PZT feedback only,
such that the laser noise again was poorly suppressed by the feed-
back loop. The optical frequency comb was then tightly locked to the
fiber laser output via the internal EOM with and without RF feedfor-
ward. We then assessed the transfer of the cavity stability to the comb
by measuring the phase noise of a beat note between another comb
tooth at 1156 nm and a separate ultrastable laser that is locked to a
30 cm long FP cavity with PDH.39

Results are shown in Fig. 3(b). Without RF feedforward, the
high residual noise of the fiber laser is transferred to the comb as
expected, as shown in the red trace. On the other hand, when the
RF feedforward was implemented, the phase noise of the comb at
1156 nm was greatly reduced, reaching the cavity thermal noise
limit for offset frequencies below 2 kHz. Above 2 kHz offset, the

FIG. 3. Optical frequency comb locking to a cavity using the OEO laser lock. (a) Schematic (top) and frequency domain view of the optical frequency comb lock. (b) Phase
noise spectra of the beat note between the frequency comb and the 1156 nm optical reference with and without the use of RF feedforward on the 1550 nm beat note
between the comb and the OEO-locked laser. The phase noise of the 1550 nm laser from Fig. 2(c) is scaled to 1156 nm for comparison.
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measurement is limited by noise on the 1156 nm reference laser.
In addition to low noise transfer across the optical spectrum, such
locking of an OFC can enable low noise microwave generation via
optical frequency division while reducing the noise requirements of
the free-running reference laser.2

C. OEO laser lock nonlinearities and enhanced laser
noise suppression

While low phase noise is realized over a broad range of system
parameters, we find enhanced performance can be achieved by fine-
tuning the OEO lock operation. We first show distinct operation
regimes as a function of the input optical power, where each regime
exhibits a different OEO amplitude and phase noise level at large
offset frequencies. By operating in a specific nonlinear regime, we
lower the phase noise of the feedforward-corrected signal for offset
frequencies >10 kHz to ∼ −120 dBc/Hz. Second, we show that feed-
forward correction is able to suppress the laser noise beyond what is
given by Eq. (2) by properly tuning the OEO oscillation frequency.

We varied the laser power to the cavity with a variable opti-
cal attenuator and identified three distinct oscillating regimes, each
with unique noise properties. Results are summarized in Fig. 4.
Figure 4(a) shows the OEO power driving the EOM as a function
of the optical power. Once the optical power reaches the threshold

needed for OEO oscillation, the OEO power increases as the opti-
cal input power is increased, denoted as region 1 in Fig. 4(a). Note
that the optical powers described here to reach OEO oscillation and
the reported OEO power can vary depending on the total gain of the
amplifiers in the loop and V-pi of the EOM. In our case, the gain of
the transimpedance amplifier following the photodiode is 10 kV/A,
the RF amplifier has a gain of ∼20 dB, and the EOM has a V-pi of
∼3.5 V. At an optical power of 0.6 mW, the OEO power reaches a
maximum of 11.4 dBm, after which it decreases with increasing opti-
cal power (region 2). At 1.4 mW of optical power, the OEO power
again begins to increase (region 3). Transition from one region to
the next is accompanied by a sudden change to the noise spec-
trum of the OEO frequency, with representative spectra shown in
Fig. 4(b). Notably, the noise of region 1 is the highest and has asym-
metric noise sidebands that imply correlation between the amplitude
and phase noise of the OEO carrier.40 Representative amplitude and
phase noise measurements of the OEO carrier for each region of
operation are shown in Fig. 4(c). The relative intensity noise (RIN)
of the laser is also included in Fig. 4(c) for comparison. A noise
bump near 600 kHz is common to all amplitude noise plots, the
frequency of which matches the relaxation oscillation noise bump
of the laser RIN. This noise peak is also present in the phase noise,
implying amplitude-to-phase noise coupling, with region 2 provid-
ing the lowest noise. Thus, while feedforward correction relies on

FIG. 4. (a) Measure of the OEO oscillating power as a function of optical power, where three distinct regions of operation are identified. (b) Representative spectra of the
OEO frequency in the three regions of operation. Note the asymmetry of the noise sidebands, particularly for region 1; that is a hallmark of amplitude-phase noise correlation.
(c) Amplitude noise (AM) and phase noise (PM) in the three operation regions. The laser RIN is shown for comparison. (d) Phase noise of the feedforward-corrected beat
note without input optical power optimization compared to operation within region 2.
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the OEO loop to generate a faithful copy of the laser phase noise, we
believe that amplitude noise, especially at higher frequency offset, is
converted to phase noise of the OEO signal. This excess OEO phase
noise is not on the direct laser output, and it will not be canceled with
feedforward correction. By operating in region 2, we reduce both the
amplitude and the phase noise of the OEO signal, leading to lower
phase noise after RF feedforward, as shown in Fig. 4(d). Noise from
100 kHz to 1 MHz is reduced 5–10 dB to ∼ −120 dBc/Hz. This repre-
sents the lowest phase noise in this offset frequency range of a PDH-
or OEO-locked system of which we are aware.

We employed two measurement methods to verify feedforward
noise suppression beyond the predicted value of 45 dB. The first
method, shown conceptually in Fig. 5(a), consisted of a 5 MHz-
wide sweep of the reference synthesizer to which the OEO frequency
was phase locked. This results in a sweep of the laser frequency
of nearly an equal amount. Although self-sustaining OEO oscilla-
tion is centered at specific frequencies, the short OEO loop delay
results in broad resonances over which the OEO frequency may
be tuned.29 Without feedforward correction, a shift in the OEO
frequency results in a commensurate shift in the heterodyne beat
frequency at the system output. With feedforward, however, the
laser frequency shift is largely canceled, resulting in a much smaller
shift of the corrected signal. Therefore, by comparing the change
of the feedforward-corrected heterodyne beat to the change in the

OEO frequency, the level of laser noise suppression can be esti-
mated. As shown in Fig. 5(b), the 5 MHz OEO frequency detuning
is suppressed to an average value of about 35 kHz with feedforward
correction. The noise suppression ratio corresponds to around −46
dB and is consistent with the theoretical prediction. However, there
is a region of near-zero slope around 0 MHz detuning, implying that
the laser noise should be perfectly canceled by feedforward. To ver-
ify this, we implemented a second noise suppression measurement
method. The bandwidth of the laser phase lock was reduced to less
than 10 kHz, and the laser was externally frequency modulated at
20 kHz with an AOM. The phase noise power of this tone was mea-
sured with and without RF feedforward, as shown in Fig. 5(c). We
measured the amount of suppression of this tone as a function of
OEO frequency tuning and compared it to the slope of the frequency
sweep measurement. As shown in Fig. 5(d), the agreement between
these measurement techniques is excellent, not only matching the
overall noise suppression level but also some of the fine structure.
The noise suppression in this measurement is limited to around 60
dB, which is mainly limited by the delay error of the feedforward cor-
rection as discussed in Sec. III D and the supplementary material.
While larger feedforward suppression may be achieved with fine-
tuning the feedforward delay, the 20 kHz tone is already suppressed
to a level very close to the measurement floor (determined by
the cavity noise), such that demonstrating >60 dB suppression is

FIG. 5. Direct laser noise suppression ratio measurements. (a) OEO frequency-sweep measurement concept. (b) Measured change in the feedforward-corrected beat
frequency as the OEO frequency is tuned. The dotted line indicates the slope that corresponds to 46 dB of suppression of the laser noise. Since the optical power resonant
with the FP mode will vary with OEO frequency detuning, the transmitted cavity power was stabilized for this measurement. (c) Measurement of the laser phase noise
suppression with RF feedforward using a discrete phase modulation tone. When the OEO oscillation frequency is 95.2 MHz, the tone is suppressed by ∼60 dB, about 15
dB more than predicted by the linearized noise model. (d) Noise suppression comparison between OEO sweep and discrete tone measurements.
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difficult with the current setup. Efforts to fully understand the exis-
tence of noise suppression beyond that predicted in Eq. (2) are under
way. However, we find that the power in the second harmonic of
the OEO oscillation frequency is correlated with regions of high
noise suppression, indicating the importance of higher-order terms
not included in the noise model. This is discussed further in the
supplementary material.

D. DFB laser locking
The high suppression of laser noise of the OEO laser lock

implies that the use of noisier chip-scale laser sources can still
achieve cavity noise-limited performance. To demonstrate this, we
exchanged the narrow linewidth fiber laser with a compact semicon-
ductor DFB laser in a standard 14-pin butterfly package. The exper-
imental schematic is shown in Fig. 6(a). The DFB laser linewidth
is 820 kHz, determined by the beta-separation method from the
measured phase noise, shown in the black line in Fig. 6(b). With
free-running phase noise ∼30 dB higher than that of the fiber laser,
attempts at direct PDH locking of the DFB laser were unsuccessful.
On the other hand, with the OEO locking method, the DFB laser
was easily phase locked. For this, a divide-by-four frequency divider
was employed, improving the lock robustness and ensuring cycle
slip-free, long-term continuous operation. Importantly, frequency
division for improved robustness is not an option for PDH since the

frequency correction signal is directly written onto a baseband volt-
age. The OEO-locked DFB laser phase noise without feedforward
correction is shown in the red curve of Fig. 6(b), demonstrating cav-
ity thermal noise-limited performance for offset frequencies below
∼5 kHz. Remarkably, the residual laser noise at 10 Hz offset is
reduced by 140 dB from the free-running laser noise. The phase
noise at offset frequencies above ∼5 kHz is limited by the phase lock-
ing feedback bandwidth and gain. For applications requiring lower
noise at high offset frequencies, RF feedforward greatly suppresses
the residual phase noise at 10 kHz-1 MHz offset, as shown in the
blue curve.

Feedforward suppresses the DFB laser noise over a much
broader frequency range than is presented in the phase noise curves.
Figure 6(c) shows the RF spectra of the direct heterodyne beat of
the DFB laser against a separate ultrastable laser reference over a
wider 10 MHz span under various operating conditions, as well as
the OEO oscillation frequency. Note that the center frequencies of
the various signals have been aligned in post-processing to ease com-
parison of the line shapes. Locking the DFB laser to the cavity greatly
reduces the free-running laser linewidth (gray trace) to a coherent
peak (blue trace), although noise sidebands remain. The noise of the
OEO oscillating frequency (pink trace) closely matches the locked
laser noise as expected, such that the noise subtraction with feedfor-
ward greatly reduces the noise of the corrected signal over a broad
frequency range, shown in the red trace. The noise at 5 MHz offset

FIG. 6. OEO locking of a DFB laser to an ultrastable FP cavity. (a) Locking setup. (b) Phase noise of the locked DFB laser (blue), phase noise of the locked DFB laser
with RF feedforward (red), residual laser noise of the DFB laser when locked (light gray), free-running noise of the DFB (black), and, for comparison, the free-running
noise of the fiber laser from Fig. 2(b) (dotted gray). (c) Spectra of the free-running DFB laser (gray), locked DFB without feedforward correction (blue), the OEO oscillation
frequency (pink), and the locked DFB with feedforward correction (red). The noise bump at ∼300 Hz in the red trace is known to originate in the reference laser and not
the OEO-stabilized DFB laser. (d) Phase noise of the feedforward-corrected DFB laser as a function of the delay between the heterodyne beat and the applied correction
signal.
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is reduced by more than 20 dB with RF feedforward, a level of sup-
pression that is impossible with optical feedforward with an AOM,
given the AOM’s limited response time.

To achieve high feedforward noise suppression at high offset
frequencies, the delay between the OEO frequency and the hetero-
dyne beat must be matched correctly. As shown in Fig. 4(d), the
amount of noise reduction was changed by varying the length of the
RF cable used for feedforward. The best noise reduction we realized
was 35 dB at 1 MHz, corresponding to a delay error of 50 cm. In
this measurement, two feedforward paths are necessary for the cross
correlation-based phase noise measurements. However, the length
optimization was only implemented on a common feedforward line
before their separation for measurement. Therefore, further length
optimization for each feedforward path might further improve the
phase noise. For example, to achieve 60 dB suppression at 1 MHz
offset, only a 3 cm error in the cable length is acceptable. An analysis
of the noise suppression limit due to delay mismatch can be found
in the supplementary material.

IV. CONCLUSION
We have demonstrated OEO laser locking using a sub-1 ml, in-

vacuum-bonded optical reference cavity with phase noise reaching
−120 dBc/Hz at 200 kHz offset, and we introduced a new RF feed-
forward technique that attains broadband noise suppression, using
it for low noise referencing an optical frequency comb. We have also
revealed extremely high levels of laser noise rejection using feedfor-
ward that exceed current models by ∼15 dB, and we have shown
that robust locking of compact DFB lasers to ultrastable cavities is
possible without pre-stabilization. Although not explored here, sen-
sitivity to laser RIN, residual amplitude modulation (RAM) in the
EOM, and spurious etaloning can impact the long-term stability of
cavity-stabilized lasers, and a greater understanding of how these
sources of frequency instability manifest in the OEO lock will be
quite valuable. Considering the nonlinear behavior of the OEO lock
that we have shown here, the impacts of RIN, RAM, and spurious
etaloning will likely depend on the nonlinear regime of operation.
We note, however, that the OEO lock has already been shown to
support 10−15-level fractional frequency instability.29

These results represent a significant advance in the capabilities
of OEO laser locking, particularly relevant to out-of-the-lab appli-
cations, such as photonic microwave generation and environmental
sensing, that require compact and portable ultrastable laser sources.
By eliminating the requirement of a laser with low free-running
noise, we anticipate that further advances of this technique will take
advantage of recent developments in the combination of ultrastable
reference cavities with photonic integrated circuits,41 resulting in
extremely compact and low noise laser sources. In short, the low
phase noise and the system simplicity demonstrated in this paper
show great potential for the OEO lock to be the next gold standard
for laser stabilization.

SUPPLEMENTARY MATERIAL

See the supplementary material for theoretical analysis and
further details of experiments.
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