
Ultralow-Noise K‑Band Soliton Microwave Oscillator Using Optical
Frequency Division
Rui Niu,¶ Tian-Peng Hua,¶ Zhen Shen,¶ Yu Wang, Shuai Wan, Yu Robert Sun, Weiqiang Wang,
Wei Zhao, Guang-Can Guo, Wenfu Zhang,* Wen Liu, Shui-Ming Hu,* and Chun-Hua Dong*

Cite This: ACS Photonics 2024, 11, 1412−1418 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Compact, low-noise microwave oscillators are
required throughout a wide range of applications such as radar
systems, wireless networks, and frequency metrology. Optical
frequency division via an optical frequency comb provides a
powerful tool for low-noise microwave signal generation. Here, we
experimentally demonstrate an optical reference down to 26 GHz
frequency division based on the dissipative Kerr soliton comb,
which is generated on a CMOS-compatible, high-index doped silica
glass platform. The optical reference is generated through two
continuous wave lasers locked to an ultralow expansion cavity. The
dissipative Kerr soliton comb with a repetition rate of 26 GHz acts
as a frequency divider to derive an ultralow-noise microwave
oscillator, with a phase noise level of −101.3 dBc/Hz at a 100 Hz
offset frequency and −132.4 dBc/Hz at a 10 kHz offset frequency. Furthermore, the Allan deviation of the oscillator reaches 6.4 ×
10−13 at a 1 s measurement time. Our system is expected to provide an ultralow-noise microwave oscillator for future radar systems
and the next generation of wireless networks.
KEYWORDS: microcomb, optical frequency division, microwave oscillator, microcavity, microwave photonics

1. INTRODUCTION
Low-noise microwave signals are crucial for various industrial
and scientific applications, including telecommunication net-
works, radar systems, digital sampling as well as fundamental
research in areas such as radio astronomy, laser-driven
terahertz electron accelerators, and tests of fundamental
constants.1−6 As the demand for higher-frequency carriers,
such as K- and X-bands, grows due to the telecommunications
bandwidth bottleneck, generating and digitizing low-noise
microwave signals at these frequencies pose increasing
challenges. Microwave photonic technologies, which utilize
optical devices and techniques to generate, manipulate, and
measure high-speed radio frequency (RF) signals, have
emerged as a potential solution with superior performance
compared to conventional electronics.7 Thus, the use of
photonic to process wideband signals has been widely
explored, i.e., dual-mode lasers, Brillouin oscillators, electro-
optical dividers, optical delay-line oscillators, and whispering-
gallery-mode parametric oscillators.8−13

In addition, the optical frequency division (OFD), a method
that utilizes optical frequency combs as photonic frequency
dividers, shows promise in generating microwaves with
excellent frequency stability.11,14,15 However, most OFD
implementations still rely on bulky fiber comb systems with
a repetition rate of a few hundred megahertz, making it

challenging to synthesize microwave signals beyond the GHz
range and introducing complexity due to the need for
repetition rate multipliers. Further advancement of these
technologies heavily depends on achieving similar performance
with photonic integrated components, allowing for miniatur-
ization and improved functionality.
In recent years, the need for integrated dissipative Kerr

soliton (DKS) combs makes low-noise, integrated, high
frequency band microwave oscillators possible. The DKS
naturally produces several GHz-THz comb spectra via four-
wave mixing in the optical resonator.16−28 Also, integrated
DKSs have seen rapid development thanks to microfabrication
advancements.29,30 To reduce the phase noise of the DKS
oscillator, the OFD principle has been introduced,31 in which
the stability of the oscillator is derived from a stabilized laser.
Meanwhile, it is essential to detect and remove the carrier
envelope offset frequency ( fceo), thus the octave-spanning
comb spectra are indispensable in the work. One method of
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eliminating the need for fceo involves introducing a pair of
stabilized lasers.32−35 Although promising, this technique
needs further refinement to improve its current phase noise
level, particularly at near carrier frequencies such as 100 Hz.
This frequency offset holds significant importance for slow
targets in radar applications.
In this paper, we present the demonstration of an ultralow-

noise K-band soliton microwave oscillator, utilizing a micro-
comb-based optical-to-microwave frequency division. The
DKS is generated on a CMOS-compatible platform, and two

comb lines are locked to the stabilized lasers, which are
referenced to an ultralow expansion (ULE) cavity. As a result,
the phase noise of the oscillator is dependent on the relative
phase noise of the stabilized lasers, effectively canceling the
free-running pump laser frequency noise or carrier frequency
noise. By implementing this method, the phase noise
performance of the generated 26 GHz microwave oscillator
achieves −101.3 dBc/Hz at a 100 Hz offset frequency and
−132.4 dBc/Hz at a 10 kHz offset frequency. Moreover, the
oscillator’s stability shows improvement as evidenced by an

Figure 1. (a) Schematic of the optical-to-microwave division circuit. Two reference lasers are locked to one reference cavity. Also, the locked
reference lasers are combined with the DKS comb to transfer the relative stability of lasers to the repetition rate of the DKS comb. (b) Time
interval between soliton pulses is synchronized with the optical reference through active feedback. T: time period.

Figure 2. (a) Schematic of the experimental setup. An auxiliary laser-assisted thermal balance scheme is employed for DKS generation. The
reference lasers are locked to the ULE cavity through PDH locking. The locked reference lasers are combined with the DKS to generate the beat
signal. The beat signals are filtered, amplified, and mixed to generate the error signal. The error signal is fed back to the auxiliary laser through the
PLL loop. EDFA: erbium-doped fiber amplifier; PD: photodetector; ULE cavity: ultralow expansion cavity; DWDM: dense wavelength division
multiplexing; MRR: microring resonator; and PLL: phase lock loop. (b) Optical spectrum of the DKS comb. (c) Measured phase noise of the
unlocked (black and purple) and locked reference (blue and yellow) lasers. The corresponding relative phase noise of the locked reference laser is
also shown with a green curve. (d) RF spectrum of the mixed beat signal before (gray) and after (brown) locking.
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Allan deviation of 6.4 × 10−13 at 1 s measurement time.
Overall, our work provides a potential pathway toward
ultralow-noise microwave oscillators, which holds promise for
a range of applications, including radar systems and the next
generation of wireless networks.

2. SCHEMATIC
The schematic of the ultralow-noise soliton microwave
oscillator is illustrated in Figure 1a. Two individual lasers are
locked to one reference cavity, and the relative phase noise of
these two lasers could be reduced.11 Then, these two lasers are
beating with the DKS generated in a microring, and the
beating signals are generated at RF values of

f f n f f( )b1 ref1 rep p= × + (1)

f f m f f( )b2 ref2 rep p= × + (2)

where f ref1 and f ref2 are the frequencies of reference lasers. f rep
and f p are the repetition rate frequency and the frequency of
the pump laser, respectively. n and m are the relative mode
numbers of comb lines nearest to the reference lasers with
respect to the pump resonance mode. The difference ( f b1 −
f b2) − ( f ref1 − f ref2) = (m − n)f rep is an integral multiple of the
repetition rate. By taking the difference of f b1 and f b2, the phase
fluctuation of f p is removed.32 The phase fluctuation of △f b =
f b1 − f b2 could be minimized through referencing to the
external frequency reference, i.e., a rubidium clock. Also, the
phase fluctuation of f rep is dominated by the relative phase
noise of reference lasers and the relative mode number of
comb lines. Considering the residual phase error (δε) due to
the phase lock loop (PLL), the phase noise of the repetition
rate could be expressed as

n m( )f
f f2
2 2

2rep

ref1 ref2=
+

(3)

Since the residual phase error due to the PLL could be ignored,
the phase noise of f rep is reduced from the relative phase noise
of the reference lasers by the square of the relative mode
number of comb lines. From a temporal viewpoint as shown in
Figure 1b, the two light beams locked to the ULE cavity
produce beat frequency at the THz level, serving as an optical
reference. The time interval of soliton pulses is synchronized
with the optical reference using active feedback, leading to an
enhancement in the phase noise of the repetition frequency.
Furthermore, considering the unit of phase noise of f rep, the

reduction factor could be expressed as 20 log
f f

f
ref1 ref2

rep
× . In our

work, the DKS is generated in a microring resonator (MRR),
which is fabricated on a CMOS-compatible, high-index doped
silica glass platform and packaged into a 14-pin butterfly
package with a thermo-electric cooler chip.36,37 The Q-factor
and free spectral range of the MRR are about 2.2 × 106 and 26
GHz, respectively. A tunable laser (Toptica CTL 1550) is
amplified to generate the soliton microcomb while another
auxiliary laser is also amplified and coupled into the MRR in
the opposite direction to balance the thermal effect in the
microcavity.38−42 Two circulators are used to prevent the
residual light from being injected into the erbium-doped fiber
amplifier (EDFA) as shown in Figure 2a. With the sufficiency
pump power, the DKS comb is generated from 182 to 203
THz, corresponding to a frequency range of 21 THz as shown

in Figure 2b. Thus, the maximum reduction factor could be
estimated as 20 log 58.1 dB21 THz

26 GHz
× = in our work.

3. RESULTS
To achieve the ultralow-noise K-band soliton microwave
oscillator, the DKS is directly sent to a DWDM system, which

spectrally selects two comb lines of interest to beat with the
reference lasers at photodiodes (PD). The reference lasers are
locked to an ULE cavity with a finesse of 150,000 and a free
spectral range of 1.5 GHz. The single sideband phase noise of
the reference lasers is evaluated using a self-heterodyne
interferometer43 as depicted by the yellow and blue lines in
Figure 2c. The phase noise of both reference lasers is recorded
at levels of −39.8 dBc/Hz at a 1 kHz offset and −73.8 dBc/Hz
at a 10 kHz offset, exhibiting a clear improvement over the
free-running laser as indicated by the black and purple lines in
Figure 2c. Additionally, we have measured the relative phase
noise of the reference lasers with a two-wavelength delayed
self-heterodyne interferometer,44,45 which is an imbalanced
Mach−Zehnder interferometer that incorporates an acousto-

Figure 3. Phase noise of the 26 GHz signal with various span of
reference lasers and the green curve shows the calibrated relative
phase noise of the reference lasers.

Figure 4. (a) Time trace of the 26 GHz signal. (b) Allan deviation of
the 26 GHz signal in free-running operation (black curve) and locked
to the optical reference (red curve). Error bars represent a 68%
confidence interval.
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optic modulator in the short arm. By measuring the phase
noise power spectrum density of the mixed photodetected
signal, we can determine the relative phase noise of the
reference lasers.44,45 The green line in Figure 2c depicts the
relative phase noise of the two reference lasers separated by
7.75 THz. Furthermore, the relative phase noise of the
reference lasers shows a notable reduction from 10 Hz to 10
kHz, and at higher offset frequencies, it is governed by the
servo loop.
When the relative phase noise of two reference lasers is

down-converted to 26 GHz in the OFD experiment, the phase
noise of the microwave is suppressed by a reduction factor. To
achieve that, the generated beat signals are amplified, filtered,
and mixed to generate an intermediate RF signal (represented
by the gray curve in Figure 2d). The f p noise is canceled out
according to eq 3. The repetition rate could be tuned by the
auxiliary laser frequency without changing the pump laser
frequency based on the thermo-optic effect.42 Therefore, the
intermediate RF signal is subsequently converted to direct
current and fed back to the current modulation input of the
auxiliary laser through a PLL. When the intermediate RF signal
is locked to the external frequency reference, the phase noise of
the two reference lasers is down-converted to 26 GHz. By
analyzing the RF signal in Figure 2d, we can observe the
effectiveness of the phase-locked loop, as it exhibits a coherent
peak indicative of a locked operation, in contrast to free-
running operation. The ultimate line width of the intermediate
RF signal is determined by the PLL and the external frequency
reference, which in our case is a rubidium clock. Additionally,
the phase noise of the repetition rate is detected using a fast
photodetector (Newport 1014) and measured with a phase
noise analyzer (Rohde & Schwarz FSWP). Similarly, the phase
noise demonstrates a noticeable reduction after the locking
operation.
The phase noise measurements of the soliton microwave

oscillator are presented in Figure 3. With OFD, the phase noise
of the f rep exhibits a significant reduction compared to that of
the free-running state. The phase noise reaches −118.2 dBc/
Hz at a 10 kHz offset frequency with a 1.375 THz optical span.
To further optimize the phase noise, we adjust the optical span
of the reference lasers by locking them to the same mode
family at different wavelengths. The phase noise of the
generated ultralow-noise 26 GHz signal with various optical
span is shown in Figure 3. For different optical span (1.375 and
7.75 THz), the reduction factors can be calculated with
20 log 34.5 dB1.375 THz

26 GHz
× = and 20 log 49.5 dB7.75 THz

26 GHz
× = ,

thus corresponding phase noise are, respectively, −118.2, and
−132.4 dBc/Hz at a 10 kHz offset frequency. Also, the relative
phase noise of the 7.75 THz frequency separation with a
reduction factor 49.5 dB is shown as the calibrated phase noise.
As depicted in Figure 3, the calibrated relative phase noise and
the measured phase noise of f rep divided by the optical span of
7.75 THz agree well within the 10 Hz to several kHz offset
frequency range. At higher offset frequencies, the phase noise
of the oscillator is limited by the bandwidth of the PLL,
resulting in a mismatch with the calibrated relative phase noise
due to PLL servo locking bumps. To further optimize the
phase noise, the optical span of the reference lasers can be
increased. Considering the span and repetition rate of our DKS
comb, the maximum reduction factor could reach 58.1 dB,
which was limited by the bandwidth of the commercial
DWDM used in our experiment. Additionally, with the
effective filter element, the ultimate phase noise could reach
approximately −141 dBc/Hz at a 10 kHz offset frequency
using our OFD system.
In order to fully characterize the oscillator, it is crucial to

evaluate its mid- and long-term stability. We recorded the
frequency variation of the repetition rate using a frequency
counter with a gate time of 1 s. Due to the detection range
limitations of our frequency counter, the repetition rate is
down-converted to a frequency below 300 MHz using an
electro-optic modulator.41 The frequency counter is referenced
to a 10 MHz output from a rubidium clock. Figure 4a displays
the down-converted frequency over a period of 1000 s,
distinguishing between the free-running operation of the DKS
and when it is locked to the optical reference. The 26 GHz
signal demonstrates increased stability when in locked
operation. Furthermore, we express the fractional instability
of the 26 GHz signal in terms of the Allan deviation as shown
in Figure 4b. The free-running state of the DKS exhibits a
stability of 3.4 × 10−8 at a 1 s measurement time. Locking the
DKS to the optical reference improved the stability level to 6.4
× 10−13.

4. CONCLUSION
In conclusion, we demonstrate an ultralow-noise soliton
microwave oscillator using OFD. The system is built upon
the CMOS-compatible, high-index doped silica glass platform.
The optical reference lasers are locked to the ULE cavity to
minimize the relative phase noise. Also, the comb lines of the
DKS comb are referenced to the optical reference to reduce
the phase noise of the repetition. The soliton microwave

Table 1. Comparison with Other Reported Soliton Microwave Oscillators

material configuration
carrier freq.
(GHz)

phase noise at 100 Hz (dBc/Hz,
scaled to 26 GHz)

phase noise at 10 kHz (dBc/Hz,
scaled to 26 GHz)

relative Allan
deviation@1 s

Si3N4
46 free run 19.6 −42.5 −107.5 8 × 10−8

SiO2
47 quiet point 11 −72.5 −125.5

SiO2
48 quiet point 15 −63.2 −108.2 2 × 10−10

MgF2
49 injection locking 14 −71.6 −123.6 2 × 10−12

MgF2
50 self-injection locked

pump
9.9 −81.6 −116.6 1 × 10−11

MgF2
31 USL pump + OFD + fceo

detection
14 −79.6 −129.6

MgF2
33 OFD 10.3 −82.0 −107.0

Si3N4
32 OFD 300 −55.2 −129.2

SiO2
35 OFD 22 −86.6 −123.6 9 × 10−13

doped SiO2 (this
work)

OFD 26 −101.3 −132.4 6 × 10−13
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oscillator generates a stable 26 GHz signal with a phase noise
of −101.3 dBc/Hz at a 100 Hz offset frequency and −132.4
dBc/Hz at a 10 kHz offset frequency. Table 1 provides a
comprehensive comparison of the soliton microwave oscil-
lators. It is evident that we achieve the most optimal phase
noise at a 100 Hz offset frequency (scaled to 26 GHz).
Additionally, our phase noise performance is comparable to the
OFD scheme based on fceo detection at a 10 kHz offset
frequency and outperforms the dual-reference-based OFD
scheme (used in our work). Notably, this scheme relaxes the
requirement for octave-spanning combs.
Currently, the ultimate phase noise of our oscillator is

limited by the bandwidth of the DWDM, which could be
replaced by a custom Bragg grating or microcavity filter. With
the effective filter element, the ultimate phase noise could
reach about −141 dBc/Hz at a 10 kHz offset frequency
according to the optical span and the repetition rate of our
DKS comb. In addition, the auxiliary-laser-assisted soliton
generation method can be refined by utilizing the frequency-
scanning technique51 and the thermal tuning approach,52 and
the EDFA can be integrated onto the chip.53 With increasing
the Q factor of the microring, the external EDFA may be
eliminated altogether.52 Moreover, the ULE cavity in our
system could be replaced with recently demonstrated
integrated devices,54 which provides a promising option for
compact ultralow-noise microwave oscillator generation.
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