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ABSTRACT

We demonstrate a high finesse, microfabricated mirror-based, air-gap cavity with volume less than 1 ml, constructed in an array, that can
support low-noise microwave generation through optical frequency division. We use the air-gap cavity in conjunction with a 10 nm band-
width mode-locked laser to generate low phase noise 10 GHz microwaves, exhibiting a phase noise of —95 and —142 dBc¢/Hz at 100 Hz and
10 kHz offset frequencies, respectively. This is accomplished using the 2-point lock optical frequency division method, where we exploit
40 dB common-mode rejection of two lasers separated by 1.29 THz and locked to the same air-gap cavity. If used with an octave spanning
comb, the air-gap cavity is capable of supporting 10 GHz phase noise below —160 dBc/Hz at 10 kHz offset, a level significantly lower than
electronic synthesizers. These results show how extremely small optical reference cavities, operated without the benefit of vacuum enclosures
or thermal insulation, can, nonetheless, support state-of-the-art microwave phase noise in compact and portable systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174544
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I. INTRODUCTION

Microwave signals with low timing noise and high frequency
stability play a crucial role in various applications, including high-
performance radar, position and navigation, communications, and
sensing.' * In many cases, a compact and portable microwave source
is required while maintaining ultralow-noise performance, and it is
becoming increasingly difficult to meet ever more stringent system
requirements using traditional electronic oscillators. To address this,
the extremely low loss and high quality factors of optical systems
have been exploited to generate microwave signals with extremely
high frequency stability and low timing noise. A number of architec-
tures have been proposed and demonstrated with trade-offs in com-
plexity, size, and performance.” '* Of these optical techniques, opti-
cal frequency division (OFD) produces the lowest noise microwaves

APL Photon. 9, 010806 (2024); doi: 10.1063/5.0174544
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by frequency-dividing an ultrastable optical oscillator with an optical
frequency comb.” Using OFD, ultralow 10 GHz phase noise bet-
ter than —170 dBc/Hz at 10 kHz offset'” and fractional frequency
instability reaching 10™'® have been demonstrated.'®

The phase noise performance of an OFD system is ultimately
limited by the noise of the optical frequency reference. The low-
est frequency-noise references are constructed by locking a laser
to a vacuum-gap Fabry-Pérot resonator, thereby transferring the
cavity length stability to the laser frequency stability. With long cav-
ity lengths, high-vacuum enclosures, temperature stabilization, and,
in some cases, cryogenic operation, lasers locked to cavities have
reached a fractional frequency instability of 107'¢ and below."” "’
While these methods lead to extraordinarily low-noise lasers, the
volume of the cavity and its environmental isolation enclosure
(sometimes exceeding 1 m?), as well as the power requirements to

9, 010806-1
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FIG. 1. Conceptual diagram of 2-point optical frequency division with an air-gap
optical reference cavity. Two lasers locked to the same air-gap cavity are used
to stabilize the repetition rate of a mode-locked laser. The fractional frequency
stability of the generated microwave inherits the stability of the cavity free spectral
range.

Low noise
microwave

keep the cavity temperature stabilized and under vacuum, severely
limit the employment of these systems in applications that require
portability and out-of-lab operation. Thus, there is a strong need for
a reduction in the footprint of optical references used in OFD.

In this paper, we demonstrate a large reduction in the volume
and complexity of a low phase noise optical frequency reference
while still achieving low phase noise microwaves with OFD. We
introduce a compact high-finesse air-gap Fabry-Pérot cavity, where
multiple cavities with finesse over 750 000 can be produced in paral-
lel using micromirror fabrication techniques.”” We constructa 3 x 3
cavity array on 50.8 mm (2 in.) diameter wafers, where the volume of
each individual cavity is <0.2 ml. We then establish the performance
of our air-gap cavities for OFD in two ways. First, we show that the
optical phase noise of a laser locked to an air-gap cavity supports
ultralow phase noise microwaves when combined with an octave
spanning frequency comb, with a projected noise level of < — 160
dBc/Hz at 10 kHz offset from a 10 GHz carrier. Second, we show how
common-mode rejection of the noise of an air-gap Fabry-Pérot cav-
ity can be exploited in a “2-point” OFD system (shown conceptually
in Fig. 1), where the OFD footprint is reduced by using a mode-
locked laser spanning just 10 nm. In this case, we generate 10 GHz
microwaves with phase noise < — 140 dBc/Hz at 10 kHz offset from
a 10 GHz carrier. These results demonstrate how state-of-the-art
microwave phase noise can be generated with much simpler systems
than commonly employed while meeting the size and power draw
requirements of many field applications.

Il. AIR-GAP REFERENCE CAVITY

The reference cavity we use is one of nine high-finesse
Fabry-Pérot cavities within an array of microfabricated cavities, of
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which photographs are shown in Figs. 2(a) and 2(b).*! The cav-
ity array has a mechanically rigid structure and is optical contact
bonded in air. As shown in Fig. 2(c), the cavity assembly consists
of three 50.8 mm (2 in.) diameter substrates made of ultra-low-
expansion (ULE) glass, with one substrate containing nine curved,
high reflectivity (HR) microfabricated mirrors, one 3 mm-thick
spacer with nine holes, and one HR-coated flat substrate serving as
the second cavity mirror. The free spectral range (FSR) of each cavity
is ~50 GHz. Since the spacer does not have vent holes, air molecules
at atmospheric pressure are sealed inside the individual cavities after
the bonding process is completed. The curved mirrors have a radius
of curvature (ROC) of 35 cm with a surface roughness of about 1 A,
leading to ultralow loss and high finesse.

The curved mirrors are lithographically fabricated through a
reflow-based technique,”” which we briefly describe here. First, pat-
terns of photoresist disks are created on the substrate. Then, the
photoresist disks undergo a reflow process in a solvent-vapor cham-
ber at a high temperature to form a near-parabolic shape. A reactive
ion etch process is then used to transfer the reflowed pattern to
the substrate. The patterned substrate is subsequently coated by a
high-reflectivity (>99.999%) dielectric coating centered at 1560 nm.
Whereas high-reflectivity coatings are typically masked such that
the optical contact area is uncoated, here optical contact bonding
is performed directly on the coated surfaces. In this way, we avoid
complicated masking of our mirror substrates at the expense of a
slightly higher coefficient of thermal expansion of our cavity. Ring-
down measurements on the cavity array yield an average finesse of
over 650 000. Six of the nine cavities have finesse at or above 750 000,
with the highest finesse measured to be 854 000 with a corresponding
quality factor of 3.3 x 10°. The differences in finesse across the array
could be due to roughness variations of the wafer substrate, occa-
sional point defects in the coatings, or imperfections in the mirror

(a)

(c)
ULE [ 2mm ROC = 35 cm
ULE 1__§ ' 3mm I“’m
o | 1 —
Em'____'“ 5 Ime > mm

FIG. 2. (a) Photograph of the 50.8 mm (2 in.) diameter cavity array, with nine indi-
vidual Fabry-Pérot cavities with a 3 x 3 layout. (b) The cavity is mounted in a
standard 2 in. mirror mount in open air without any enclosure for all laser lock-
ing and microwave generation experiments. (c) The cavity array, consisting of
three super-polished ultra-low-expansion (ULE) glass substrates, is optical con-
tact bonded in air and seals air molecules inside. The curved mirrors, which have
a radius of curvature (ROC) of 35 cm, are lithographically fabricated using a
reflow-based technique.
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shape that cause misalignment or beam clipping. The cavity array
can be diced into individual cavities of size ~0.5 ml,'* demonstrat-
ing a path toward the mass production of high-finesse and small-size
Fabry-Pérot cavities.

The cavity array is held in air by a standard 2 in. mirror mount
without any enclosure or temperature control, as shown in Fig. 2(b).
The cavity with the highest finesse of 854 000 was chosen for the fol-
lowing experimental studies, though we note that the high finesse
of the majority of the cavities within the array could support laser
locking of similar fidelity. The high finesse enables sufficient sup-
pression on the residual electronic noise of the laser locks, which is
crucial to the common-mode-rejection measurement discussed later
in this section.

We lock two lasers to the cavity, one at 1545 nm and the other
at 1555 nm (1.29 THz separation). We first measure the optical
phase noise of the individual lasers and, then, the relative phase noise
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FIG. 3. (a) Phase noise measurement architecture for lasers locked to the air-
gap cavity. The noise of the individual CW lasers is determined by beating with a
separately stabilized optical frequency comb, and the relative phase noise of two
CW lasers locked to the same cavity is extracted by mixing the individual beat
tones. (b) Measured phase noise of one of the CW lasers and the relative noise
between two CW lasers. Blue: relative phase noise of the two lasers separated
by 1.29 THz. Red: phase noise of the 1545 nm laser stabilized to the air-gap
cavity, measured against a fully stabilized comb. Phase noise of the 1555 nm laser
stabilized to the same cavity is at a comparable level, as expected (not shown).
At offset frequencies higher than 20 kHz, the phase noise is dominated by the
reference comb. Gray: combined noise of the PDH locks, including the residual
noise of the two lasers and contributions from the PDH photodetector and locking
electronics. Yellow: phase noise of the 1545 nm free-running laser. The phase
noise of 1555 nm free-running laser is at a comparable level.
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between them. An Er:fiber-based optical frequency comb, stabilized
to an ultrastable optical cavity,”” serves as the phase noise reference,
as depicted in Fig. 3(a). The optical phase noise of the 1545 nm fiber
laser stabilized to the cavity by the Pound-Drever-Hall (PDH) tech-
nique is shown in Fig. 3(b). While the phase noise is reduced from
that of the narrow-linewidth free-running laser from 8 to 2 kHz
(calculated with the B-separation line method”), the cavity-
stabilized phase noise level is 30 dB above the cavity thermal noise
limit given by the Brownian noise of the dielectric coatings.”* This is
to be expected, since the air molecules sealed inside the cavity cause
fluctuations in the optical path length of the mode. However, even
with this level of phase noise, a full OFD with an octave-spanning
frequency comb would give —20log(194 THz/10 GHz) = -86 dB
reduction in phase noise for a 10 GHz microwave output, resulting
in lower than —160 dBc/Hz phase noise at 10 kHz offset frequency, a
noise value well below most commercial microwave synthesizers.

To better utilize the compactness of the air-gap cavity, we pair
it with a mode-locked laser, which serves as a more compact and
portable optical frequency divider than an octave-spanning comb.
Since a mode-locked laser without super-continuum generation has
a much narrower bandwidth, we use two lasers locked to the com-
mon optical reference cavity to stabilize the repetition rate, referred
to as the 2-point lock method.® In this case, the frequency division
ratio of the laser noise is given by the ratio of the frequency sep-
aration between the two CW lasers to the microwave frequency,
which is lower than that in full OFD. However, the noise on the
CW lasers locked to the same cavity is largely common, leading
to a large common-mode rejection (CMR) that benefits microwave
generation. This is an important distinction from the free-running
lasers themselves: although the free-running laser phase noise is only
slightly higher, there is no CMR of their noise without locking to a
common reference cavity.

The amount of CMR can be quantified by comparing the noise
of a single laser to the relative noise between the two lasers. As a
result of CMR, the relative noise of the two lasers is lower than that
of a single laser. Ideally, if two lasers are locked to two cavity modes
at frequencies v; and v, their fractional frequency noise would be
equal to the fractional frequency fluctuation of the cavity FSR, which
is equivalent to the fractional length fluctuation of the cavity,

Ovi  O(mxFSR) O(FSR) oL
w  mxFSR  FSR L

, (1

dv; O(nxFSR) O(FSR) OL
w  nxFSR  FSR L

, 2

where L is the cavity length and m and n are the integers corre-
sponding to the cavity modes v; and v,. When the difference fre-
quency between the two lasers at v, — v; = (n —m) x FSR is taken,
its fractional frequency fluctuation is

S(v2—m) . 8[(m —n) x (FSR)] . 8(FSR)
(m—n) x FSR FSR

3)

V2—W1

The frequency fluctuation of the difference frequency is then related
to that of a single laser by

6112 2_ V2 2
(5(1/2—1’1)) _(VZ_VI). )
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A similar relationship holds for v;. While this relation describes
frequency fluctuations, the phase fluctuation of the difference fre-
quency is related to that of a single laser by the same ratio. This
ratio represents the maximum amount of CMR achievable under
ideal conditions. When combined with the frequency division of
2-point locking to generate a microwave frequency at f,, an addi-
tional noise reduction of (v, — v1)*/ f}, is obtained. This would result
in a total phase noise reduction factor equal to that of full OFD,
namely (v2/f,)*.

Importantly, there are two complicating factors that limit the
predicted noise reduction to less than that given by full OFD.
First, there is always residual noise in the individual PDH locks.”
This noise is not common between lasers and does not enjoy any
common-mode rejection. However, this noise is reduced by the
2-point OFD ratio and is mitigated by increasing the separation
between the laser frequencies. Therefore, it is beneficial to set the
laser frequency separation as wide as the comb bandwidth. Second,
the two lasers necessarily sample the cavity noise slightly differently,
limiting the level of CMR of the cavity noise. For example, coating
Brownian noise is proportional to the square of the optical spot size,
and the spot size, in turn, scales inversely with the square-root of the
frequency of the optical mode. Thus, lasers locked to a common cav-
ity see slightly different levels of coating noise, depending on their
frequency separation, limiting the extent of the CMR. Similarly, cav-
ity modes at different frequencies will sample the noise of the optical
path length in the air gap differently. Interestingly, thermo-optic
noise of broadband coatings may exhibit an anticorrelated behav-
ior, where the frequencies of modes separated by ~100 THz have
been observed to drift in opposite directions.”® While thermo-optic
noise for our cavities is much lower than the noise from the air gap
or coating Brownian, it may become manifest in 2-point OFD if it
exhibits a lower level of CMR.

To test the CMR we can achieve with the air-gap cavity, we
stabilize the two narrow-linewidth fiber lasers at 1545 nm and at
1555 nm to our cavity by PDH locking. Then, we combine the two
stabilized lasers with a fully stabilized fiber frequency comb to bridge
the 1.29 THz gap between the lasers, down-shifting their relative

(a) = RF ref
] [l 1545 nm
PDH EQAEE:
] 1545 nm
BPF
]I 1555 nm
Air-gap cavity BPF N

500 MHz
mode-locked laser
10 GHz

(20" harmonic)

Microwave generation

phase fluctuations onto an RF carrier. This is performed by mix-
ing the two beat tones between the cavity stabilized lasers and the
nearest comb modes of the fiber comb, as illustrated in Fig. 3(a). To
eliminate the comb noise, a second fully stabilized comb was used
to generate a second fuearz — foear1 and a cross-spectrum measure-
ment was performed [not shown in Fig. 3(a)]. The result of the phase
noise measurement is shown in Fig. 3(b). The limit set by the per-
fect CMR assumption of Eq. (4) gives 2010og(194/1.29 THz) ~ 44 dB
maximum CMR. The measured phase noise on the 1.29 THz beat is
about 40 dB lower than the individual CW laser phase noise up to
1 kHz offset frequency, which is not far from the estimated 44 dB
reduction for a perfect CMR. From 1 to 10 kHz offset frequen-
cies, the measured CMR gradually decreases as the offset frequency
increases, resulting in ~20 dB reduction from the single CW laser
noise at 10 kHz offset, which may be caused by uncorrelated fiber
length fluctuations from non-common fiber paths. After 10 kHz, the
phase noise at higher offset frequencies is limited by the residual
noise of the laser PDH locks.

In Sec. ITI, we show how this large CMR can be combined with
2-point OFD to achieve another 201log(1.29 THz/10 GHz) ~ 42 dB
reduction in phase noise, which implies 10 GHz phase noise of about
—146 dBc/Hz at 10 kHz offset frequency and —98 dBc/Hz at 100 Hz
offset frequency.

I1l. MICROWAVE GENERATION

A schematic illustration of the 2-point lock setup is shown in
Fig. 4(a). As mentioned above, the 1545 and 1555 nm fiber lasers
are stabilized to the common air-gap cavity on the cavity array
by PDH locking. About 5 mW from each CW laser is combined
with the ~20 mW output of a commercial 500 MHz-repetition-
rate semiconductor saturable absorber mirror (SESAM) Er/Yb:glass
mode-locked laser using fiber couplers. The optical spectrum over-
lap between the mode-locked laser and the CW lasers is shown
in Fig. 4(b). The combined output of the lasers is split into two
paths and bandpass-filtered for optical beat detection. The frequen-
cies of the two heterodyne beats between the CW lasers and the

(b) 1.0— ; \ . —
0.8+ A
- 1545.0 nm 1555.3 nm
o 0.6f A
2
‘@
SCB 04 1.29 THz i
Error signal £
0.2+ 8
0.0 4/ | L
1530 1540 1550 1560 1570

Wavelength(nm)

FIG. 4. (a) Schematic diagram of 2-point lock microwave generation with the air-gap cavity. The mode-locked laser repetition rate is stabilized via feedback to a fast
piezoelectric transducer (PZT). PDH: Pound-Drever—Hall lock; BPF: bandpass filter; and MUTC PD: modified uni-traveling carrier photodiode. (b) Optical spectrum overlap

between the mode-locked laser (black) and CW lasers (red).
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mode-locked laser are 420 and 327 MHz, each with a signal-to-noise
ratio (SNR) of ~55 dB in 100 kHz resolution bandwidth. The hetero-
dyne beat signals are individually selected with bandpass filters and
mixed, producing a difference frequency,'*

fbeatz - fbeatl = Nfrep - (VZ - Vl)» (5)

where foear1 and foearz are the beatnotes between the mode-locked
laser comb lines and the CW lasers and N is an integer correspond-
ing to the number of comb lines spanned by the CW lasers. When
Soeatz — foeat1 i locked to an RF reference by feeding back to the
mode-locked laser, the fluctuations on fr, within the mode-locked
laser locking bandwidth may be expressed as

(6(fbeat2 - fbeat1)2> + (8(\’2 - V1)2>
NZ

(0ffep) = , )
where the brackets denote averaging. Thus, the noise in the mixed
heterodyne beats, due to either the RF reference or the resid-
ual noise in the lock, as well as the relative noise between the
CW lasers, is divided by N* when mapped to the frequency (or
phase) noise power of the mode-locked laser repetition rate. When
the Mth harmonic of frp is selected for microwave generation,
the noise reduction factor is 20log(Mf,,/Nf,.,), in our case,
201og(10 GHz/1.29 THz) ~ —42 dB. To detect fp and its harmon-
ics, we use a high-speed modified uni-traveling carrier photodetec-
tor (MUTC PD) with 40 ym diameter.”” The average photocurrent
generated by the MUTC PD is about 0.9 mA, and phase noise mea-
surements are performed on the 20th harmonic of frep at 10 GHz.
The phase noise is measured by heterodyning against another
10 GHz signal that has much lower noise, generated through OFD of
a fully stabilized octave-spanning fiber frequency comb that is locked
to a 30 cm long optical reference cavity with 107" fractional fre-
quency instability.”” Phase noise measurements are performed using
a commercial phase noise analyzer.

The phase noise of the generated 10 GHz is shown in Fig. 5(a),
along with projected noise contributions from the fpeaz — foeat1
residual noise (due to finite gain in the mode-locked laser feed-
back loop) and the relative noise between the CW lasers. The
10 GHz phase noise is —142 dBc/Hz at 10 kHz offset frequency and
—95 dBc/Hz at 100 Hz offset frequency, close to our previous esti-
mate, which represents an improvement of up to 60 dB from the
10 GHz signal generated by the unstabilized mode-locked laser. For
offset frequencies below ~300 Hz, the measured phase noise of the
generated 10 GHz signal is limited by the 1.29 THz beat noise, and
from ~300 Hz to ~10 kHz, the microwave phase noise follows the
Soeatz — foeat1 residual noise. Both the 1.29 THz beat noise and the
Soeatz — foeat1 Tesidual noise have been scaled by the 2-point OFD
factor of —42 dB. While the noise at offset frequencies above the feed-
back servo bandwidth of ~5 kHz (as indicated by the noise “servo
bump”) should follow that of the free-running mode-locked laser
noise, the measured white noise floor is limited by the measurement
setup.

It is also interesting to compare our 10 GHz noise to the pro-
jected noise of a 10 GHz signal generated by full OFD, where the
optical noise of a single laser will be reduced by 86 dB. As shown
in Fig. 5(a), full OFD would provide nearly the same 10 GHz phase
noise for offset frequencies below ~300 Hz, again demonstrating the
high level of CMR when locking two lasers to the same optical cavity.

APL Photon. 9, 010806 (2024); doi: 10.1063/5.0174544
© Author(s) 2024

—~
Q

~

o

T T T ™

10 GHz free running
—— 10 GHz locked

20 —— 1.29 THz beat (scaled) T
—— Full OFD (projected)

-40 ; f.ep lock residual noise (scaled)

60 .

10 GHz Phase noise (dBc/Hz)

10° 10" 10° 10> 10t 10 10°
Frequency (Hz)
(b) 0 ——rrr—rrrem —- . ,
;":‘\ 20 —— 10 GHz locked -
3 —— 10 GHz with wider bandwidth lock
n 40 —— 1.29 THz beat (scaled) -
e
o 601 7
2
o -80 |- -
2 -100 ".,‘ : :
o
I 120 .
(O]
o -1401-
160 ; ; A
L L ool v vl vl e
10° 10" 10°  10° 10t 10° 10
Frequency (Hz)

FIG. 5. (a) Single-sideband phase noise on a 10 GHz carrier. Red: 2-point opti-
cal frequency division with air-gap cavity. Yellow: free-running mode-locked laser.
Gray: residual noise of figp stabilization, scaled to 10 GHz. Blue: relative phase
noise between the two CW lasers, scaled to 10 GHz. Green: projected 10 GHz
phase noise with full optical frequency division. (b) With a wider phase lock band-
width, the 10 GHz phase noise follows the relative phase noise of the CW lasers
better. The phase noise of commercial synthesizers is shown for comparison.

It is only for offset frequencies above ~1 kHz that full OFD displays
its advantage over the 2-point lock.

If we further increase the bandwidth of the mode-locked laser
phase lock, taking advantage of the fast piezoelectric transducer
(PZT) used for feedback,”® we can improve the noise level in some
offset frequency ranges while worsening it in others. As shown in
Fig. 5(b), the noise between 300 Hz and 6 kHz is improved sig-
nificantly, though at the expense of higher 10 kHz offset noise. In
this case, the 10 GHz phase noise faithfully tracks the projected
1.29 THz beat noise until reaching the servo bump, peaked at about
15 kHz. With a faster PZT,”” we can expect further improvements
in the feedback bandwidth and possibly reach the —146 dBc/Hz
limit set by the projected 1.29 THz beat at 10 kHz offset. In either
case, the 10 GHz phase noise generated with the air-gap cavity com-
pares favorably with commercially available low-noise synthesizers
at offset frequencies above 1 kHz.

There are important and noteworthy trade-offs associated with
the CW laser separation for 2-point OFD. As mentioned above, a
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larger frequency separation results in a larger frequency division fac-
tor, leading to a larger reduction in phase noise. Meanwhile, a larger
separation also means a smaller amount of CMR. These two effects
balance each other such that the total noise reduction factor is equal
to that of full OFD. In our case, a 1.29 THz separation results in
nearly 44 dB CMR and 42 dB OFD factor, adding up to the full
OFD factor of 86 dB. The main advantage of having a larger sepa-
ration is, therefore, in the noise division of the residual lock noise
(PDH locks for the two lasers, as well as frep lock), which does not
experience any CMR. This is especially important when the resid-
ual noise of the locks dominates the phase noise of v, — v;. In our
case, the residual noise of the locks is well below the limit set by the
CMR, thanks to the high finesse of the cavity. However, if the finesse
were three times lower than the current value of 854 000, the residual
lock noise would limit the CMR we could achieve. Then, it would be
necessary to increase the frequency separation of the two CW lasers
to make full use of the predicted CMR. Similar situations happen if
2-point OFD is performed on a vacuum-gap cavity.'* Having a larger
frequency separation in such situations would ease the requirement
on the residual noise of the locks.

Another consideration when choosing the laser frequency sep-
aration is the SNR of the beats between the mode-locked laser and
the CW lasers. The SNR of the beats limits the white noise floor if
the feedback bandwidth of frep lock is wide enough. For example, a
55 dB SNR in 100 kHz resolution bandwidth, as in our case, would
result in a white noise floor of —147 dBc/Hz for the 42 dB optical
frequency division factor. The CW laser separation should thus be
as large as possible for a maximum optical frequency division fac-
tor while maintaining a good overlap with the mode-locked laser
spectrum for sufficient SNR of the beat tones.

IV. CONCLUSION

We have presented a high finesse, compact, air-gap
Fabry-Pérot optical reference cavity capable of supporting low-
noise microwave generation. Our small cavity volume is enabled
by parallel-process manufacturing of high finesse micromirrors.
With its sub-ml elemental volume and ability to operate without
an enclosure, our cavity represents a volume decrease of at least
100 times compared to the large cavity and high-vacuum envi-
ronments typical of optical reference cavities, greatly simplifying
the optical reference in low-noise OFD systems. We envision that
individual cavities will be diced from large cavity arrays, as proposed
in Ref. 20 and pictured in Ref. 14. Compact and rugged optical cou-
pling may be achieved by gradient index (GRIN) lens-coupled fibers
bonded directly to the cavity, or bonding to a photonic waveguide.”’
Further size reduction may be realized by replacing the narrow-
linewidth fiber laser used here with a chip-based laser, previously
shown to tightly lock to optical reference cavities,”’ and replacing
the mode-locked laser with a THz-spanning microresonator-based
frequency comb. "

By combining our cavity with a mode-locked laser, we demon-
strate the capability of our cavity to generate low-noise microwaves
via 2-point OFD that does not require an octave-spanning frequency
comb. Here, we take advantage of the large common-mode rejection
of the cavity noise that provides a similar optical-to-microwave noise
reduction as full OFD. Despite being limited by the noise of the air-
gap, the resulting 10 GHz phase noise is comparable to a low-noise
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commercial synthesizer but with the potential for a smaller system
volume.

Finally, we note that further noise improvements may be
achieved while keeping the compact volume of our cavity by com-
bining cavities consisting of micromirrors with recent developments
in in-vacuum cavity bonding.’” In this case, an octave-spanning
comb could take advantage of the 30 dB optical noise reduction at
low offset frequencies to reduce the microwave noise by an equal
amount. In a 2-point OFD system, the microwave noise is expected
to be limited by the residual lock noise, with further improvements
possible with a broader comb span.
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