
Long et al. eLight            (2025) 5:14  
https://doi.org/10.1186/s43593-025-00094-w

RESEARCH ARTICLE Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

elight.springeropen.com

A chip‑based optoelectronic‑oscillator 
frequency comb
Jinbao Long1†, Zhongkai Wang1†, Huanfa Peng2†, Wei Sun1, Dengke Chen1,3, Shichang Li1,3, Shuyi Li1, 
Yi‑Han Luo1, Jijun He4, Lan Gao1, Baoqi Shi1, Chen Shen1,5, Linze Li6, Tianyu Long6, Baile Chen6, Zhenyu Li7 and 
Junqiu Liu1,8*    

Abstract 

Microresonator-based Kerr frequency combs (“Kerr microcombs”) constitute chip-scale frequency combs of broad 
spectral bandwidth and repetition rate ranging from gigahertz to terahertz. A critical application that exploits 
the coherence and high repetition rate of microcombs is microwave and millimeter-wave generation. Latest endeavor 
applying two-point optical frequency division (OFD) to photonic-chip-based microcombs has created microwaves 
with remarkably low phase noise. Nevertheless, existing approaches to achieve exceptionally coherent microcombs 
still require extensive active locking, additional lasers, and external RF or microwave sources, as well as sophisticated 
initiation. Here we demonstrate a simple and entirely passive (no active locking) architecture, which incorporates 
an optoelectronic oscillator (OEO) and symphonizes a coherent microcomb and a low-noise microwave spontane‑
ously. Our OEO microcomb leverages state-of-the-art integrated chip devices, including a high-power DFB laser, 
a broadband silicon Mach–Zehnder modulator, an ultralow-loss silicon nitride microresonator, and a high-speed pho‑
todetector. Each can be manufactured in large volume with low cost and high yield using established CMOS and III-V 
foundries. Our system synergizes a microcomb of 10.7 GHz repetition rate and an X-band microwave with phase noise 
of − 97/ − 126/ − 130 dBc/Hz at 1/10/100 kHz Fourier frequency offset, yet does not demand active locking, additional 
lasers, and external RF or microwave sources. With potential to be fully integrated, our OEO microcomb can become 
an invaluable technology and building block for microwave photonics, radio-over-fiber, and optical communication.

1  Introduction
Optical frequency combs (OFC) [1–3], which coherently 
channel radio and microwave frequency to the optical 
domain, have revolutionized timing, spectroscopy, and 
precision measurement, as well as the fundamental phys-
ics test. Conventionally constructed with solid-state or 
fiber mode-locked lasers, today OFCs can be built on-
chip [4–6]. This advancement has been made possible by 
the emergence and rapid maturation of low-loss photonic 
integrated circuit based on a variety of material platforms 
[7–9], along with hybrid and heterogeneous integration 
[10–12]. Photonic-chip-based OFCs have small size, 
weight, and power consumption and can be manufac-
tured in large volume with low cost and high yield, ideal 
for wide deployment outside laboratories and in space.
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The most leading type of photonic-chip-based OFCs 
is established on low-loss, Kerr nonlinear optical micro-
resonators driven by continuous-wave (CW) lasers, 
which is commonly referred to as “Kerr microcombs” 
[13–26]. Microcombs exhibit broad spectral bandwidths 
and repetition rates in the gigahertz to terahertz range. 
One critical application benefiting from the coherence 
and high repetition rate of microcombs is microwave 
and millimeter-wave generation [17–21]. Photodetection 
of the microcomb pulse stream generates a low-noise 
microwave or millimeter-wave whose carrier frequency 
corresponds to the microcomb’s repetition rate. Vari-
ous approaches have been demonstrated to improve the 
microwave’s spectral purity, aided by an external micro-
wave [19, 27], an auxiliary laser [28], a transfer comb [29], 
or operation in the “quiet point” [30, 31]. Notably, latest 
endeavor has applied optical frequency division (OFD) 
[32–34] on photonic-chip-based microcombs, catalyzing 
microwaves with superior phase noise performance [35–
39]. Nevertheless, microcomb-based OFD still requires 
extensive active locking, additional lasers, and exter-
nal RF or microwave sources, as well as sophisticated 
initiation.

Here we demonstrate a simple and entirely passive 
architecture that combines an optoelectronic oscillator 
(OEO) and a Kerr nonlinear microresonator. The sys-
tem spontaneously generates an exceptionally coherent 
microcomb whose repetition rate features ultralow RF 
phase noise. Figure  1a depicts the conceptual diagram 
of our “OEO microcomb”. An OEO comprises hybrid 
optical and microwave components, forming a photonic 
microwave oscillator with ultrahigh RF spectral purity 
[40–44] and without any active feedback phase con-
trol. Modern OEOs have achieved unprecedentedly low 
phase noise, e.g. down to − 163 dBc/Hz at 6 kHz offset for 
10 GHz carrier [45], surpassing high-end electrical coun-
terparts. Moreover, chip-scale OEOs can be built with 
photonic integrated circuit based on silicon on insulator 
(SOI) or indium phosphide (InP) [46].

Figure 1b illustrates the working principle of our OEO 
microcomb. The CW output from a distributed feedback 
(DFB) laser is intensity-modulated with a silicon Mach–
Zehnder modulator (Si MZM), creating pairs of optical 
sidebands in the frequency domain. The modulated light 
is coupled into a high-Q silicon nitride (Si3N4) optical 
microresonator. When the Si MZM’s modulation fre-
quency fIM matches the microresonator’s free spectral 
range (FSR, D1/2π ), i.e. fIM = D1/2π , a coherent micro-
comb forms [47–50]. In the frequency domain, the micro-
comb contains many mutually coherent CW tones that 
are equidistantly spaced by D1/2π . In the time domain, it 
is a pulse stream of repetition rate frep = D1/2π . Detec-
tion of the microcomb via a photodetector (PD) produces 

a fundamental microwave tone with carrier frequency of 
frep . Collecting and injecting the microwave back into the 
Si MZM ensures fIM = frep = D1/2π . As such, the entire 
system can self-oscillate and self-maintain, harmoniz-
ing a coherent microcomb and a low-noise microwave. 
Figure  1c presents a photograph of the four chip com-
ponents of our OEO microcomb – a DFB laser chip, a Si 
MZM chip, a Si3N4 microresonator chip, and a PD chip. 
The chip sizes are referenced with a ruler. Figure 1d and 
e show the zoomed-in optical microscope images of the 
III-V-semiconductor-based DFB laser chip and an indi-
vidual PD on the PD chip. Details on the performance 
characterization of each chip components are summa-
rized in Fig. 2 and described below.

2 � Results
2.1 � Characterization of individual chip components
Laser. The commercial DFB laser outputs 83 mW CW 
power around 1558 nm with 300 mA current and trans-
verse-electric (TE) polarization. A printed circuit board 
(PCB) is used to stabilize the laser current and tem-
perature at 25 ℃. Figure 2a shows that the laser exhibits 
13 mA current at threshold, and 0.6 nm wavelength tun-
ability over 300  mA current range. Figure  2b shows the 
measured frequency noise of the free-running laser, i.e. 
single-sideband power spectral density (PSD) of the laser 
frequency noise. The intrinsic linewidth is calculated 
as 2.79  kHz from the white noise of 445 Hz2/Hz. More 
information on the DFB laser is found in Supplementary 
Materials Note 1.

Modulator. The Si MZM, fabricated in a standard 
CMOS foundry, is a traveling-wave (TW) MZM with a 
push-pull configuration. The design and simulation are 
found in Ref. [51]. Modulation is achieved via the plasma 
dispersion effect in depletion-type PN junctions within 
the two waveguide arms. The Si MZM’s microwave-
to-optical conversion efficiency is characterized by the 
product of half-wave voltage Vπ and phase-shift length 
Lπ , i.e. VπLπ , which can be measured by applying a bias 
voltage Vdc to the upper or lower waveguide arm of the 
MZM. Figure 2c and d show the Si MZM’s transmission 
spectrum with different Vdc values applied on the upper 
(c) or lower arm (d). By calculating the dip shift on the 
transmission spectrum under varying Vdc , the VπLπ of 
our Si MZM is calculated as 2 V · cm. More informa-
tion on the Si MZM is found in Supplementary Materi-
als Note 2. Based on the eye-diagram measurement and 
numerical simulation in Supplementary Materials Note 
2, the Si MZM’s bandwidth is evaluated to be between 20 
to 46 GHz. Note that, essentially the microwave feedback 
signal can be directly applied to modulate the laser. This 
scenario can save the Si MZM and simplify our system. 
However, this configuration does not work here because 
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our DFB laser does not allow for modulation speed above 
1 GHz. Therefore, the Si MZM is required here.

Microresonator. The Si3N4 microresonator is fabri-
cated using a foundry-level, deep-ultraviolet subtractive 
process with 300-nm-thick Si3N4 on 150-mm-diameter 
(6-inch) wafers [52, 53]. Light is coupled into and out 
of the Si3N4 microresonator’s fundamental TE mode 
via inverse tapers at chip facets and a bus waveguide. 
At 1558  nm pump wavelength, the Si3N4 microreso-
nator features D1/2π = 10.699  GHz FSR. The micro-
resonator’s Q factor is evaluated by resonance fit 

[54]. Figure  2e presents a typical resonance with fit-
ted intrinsic loss κ0/2π = 8.6  MHz, external coupling 
strength κex/2π = 5.7  MHz, and loaded linewidth 
κ/2π = (κ0 + κex)/2π = 14.3 MHz. The intrinsic qual-
ity factor is calculated as Q0 = ω/κ0 , where ω/2π is the 
resonant frequency. Figure  2f shows the histogram of 
1,719 measured Q0 values, with the most probable value 
Q0 = 21 × 106. As the 300  nm Si3N4 thickness endows 
the microresonator with normal group velocity disper-
sion (GVD, D2 < 0), the generated microcomb is a dark 
pulse (platicon) stream in the time domain [22–26]. The 
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Fig. 1  Concept, principle and components of the optoelectronic-oscillator microcomb. a. Conceptual diagram of the self-starting 
and self-maintaining OEO microcomb via the feedback interplay of Kerr nonlinearity and optical-microwave conversion. b. Principle of the OEO 
microcomb. The DFB laser’s CW output is intensity-modulated (IM) by an MZM. The CW pump and modulated sidebands are coupled into a high-Q 
optical microresonator. If the IM frequency fIM matches the microresonator FSR, i.e. fIM = D1/2π , a coherent microcomb forms, whose line 
spacing is frep = D1/2π . Detection of the microcomb’s frep via a PD outputs a microwave of carrier frequency frep , which is injected to the MZM. 
As such, fIM = frep = D1/2π is ensured. Consequently, the entire system can self-oscillate and self-maintain, harmonizing a coherent microcomb 
and a low-noise microwave. c. Photograph showing the four critical chip components of our OEO microcomb, i.e. the DFB laser chip, the Si MZM 
chip, the Si3N4 microresonator chip, and the PD chip, which are referenced to a ruler and compared with the size of a 1-Chinese-Jiao coin. The actual 
experimental setup including other optical and electronic components is shown in Fig. 3a. d. Optical microscope image of the DFB laser. e. Optical 
microscope image of the PD with GSG pads
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fabrication process flow and more characterization data 
of the Si3N4 microresonator are found in Supplementary 
Materials Note 3.

Photodetector. The PD chip has 3× 15 µm
2 active area, 

whose epitaxial structure is grown on a semi-insulating 
indium phosphide (InP) substrate [53, 55]. It collects 
incident light via a waveguide and outputs electrical sig-
nals via a ground-signal-ground (GSG) probe. Figure 2g 
shows the measured 3-dB bandwidth over 120 GHz. Such 
a broad bandwidth of the PD is not necessary for the 
microresonator with only 10.7 GHz FSR, but is required 
for high-repetition-rate microcomb generation in future 
experiments. Figure 2h shows that, within the detection 

wavelength range of 1490 to 1640  nm, the measured 
responsivity is above 0.2 A/W and up to 0.3 A/W (repro-
duced from Ref. [53]). The fabrication process flow and 
more characterization data of the PD chip are found in 
Supplementary Materials Note 4.

2.2 � Experimental setup
Figure  3a shows the experimental setup including opti-
cal and electronic components that are not integrated, in 
addition to the four types of chips described above. The 
DFB laser’s CW output at 1558  nm wavelength is sent 
into the Si MZM. The intensity-modulated light from the 
Si MZM is power-boosted via an optical amplifier (OA), 

Fig. 2  Characterization of chips. a, b. Measured output optical power versus laser current (a), and single-sideband frequency noise PSD (b) 
of the free-running DFB laser. The 445 Hz2 /Hz white noise corresponds to 2.79 kHz intrinsic linewidth. c, d. Measured transmission spectra of the Si 
MZM with different bias voltage Vdc applied on the upper (c) or lower waveguide arm (d). e, f. A typical resonance of the Si3N4 microresonator 
with fitted κ0/2π = 8.6 MHz and κex/2π = 5.7 MHz (e), and the histogram of 1,719 measured Q0 values with the most probable value Q0 = 21 × 106 
(f ). g, h. Measured detection bandwidth (g) and responsivity versus wavelength (h) of the PD chip. The 3-dB bandwidth is estimated over 120 GHz 
from the fitting
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which in our case is an EDFA. The amplified light is then 
coupled into the Si3N4 microresonator and generates 
a platicon microcomb. Before detection with the high-
speed PD chip (PD1), the platicon pulse stream travels 
through a 4.5-km-long single-mode fiber (SMF) whose 
function will be discussed later. The PD chip outputs a 

microwave signal whose carrier frequency corresponds 
to the platicon’s repetition rate frep . The microwave signal 
is power-boosted by an electronic amplifier (EA) and fil-
tered by an electronic band-pass filter (EBPF). The EBPF’s 
center frequency is fixed at frep = D1/2π = 10.699 GHz 
and 3-dB bandwidth is 10 MHz. A phase shifter is used to 
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Fig. 3  Experimental setup and results of the optoelectronic-oscillator microcomb. a. Experimental setup. TC & CC, temperature control and current 
control. ESA, electrical spectrum analyzer. OSA, optical spectrum analyzer. PD1, the PD chip. PD2, the Finisar PD. b. Optical spectrum of the platicon 
microcomb. Inset shows 10.69927 GHz line spacing. c. Allan deviation data of the free-running DFB laser’s frequency (optical, blue solid curve), 
and the OEO platicon’s frep (microwave, red solid curve), in comparison with the SIL DFB laser’s frequency (optical, blue dashed curve), and the SIL 
platicon’s frep (microwave, red dashed curve) described in Ref. [53]. d. Phase noise data of the frep = 10.69927 GHz microwaves of the OEO 
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bandwidth. e. Phase noise data of our OEO platicon microcomb’s frep = 10.69927 GHz (red curve), in comparison with the phase noise data using 
microcomb-based OFD (scaled to 10 GHz) in Ref. [35] (cyan curve), Ref. [36] (green curve), Ref. [37] (black curve), Ref. [38] (blue curve), Ref. [39] 
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vary the phase of the feedback microwave signal before 
injecting the signal to drive the Si MZM.

With optimized combination of the DFB laser fre-
quency, the EA gain, and the feedback microwave phase, 
a platicon microcomb and a low-noise microwave can 
synergistically self-start from the noise in the OEO loop 
and self-maintain. This is because the OEO satisfies the 
classical Barkhausen oscillation criteria of feedback-loop 
systems [43]. Because of the 4.5-km-long fiber delay, the 
OEO function endows the microwave with high spectral 
purity (i.e. low phase noise), which further purifies the 
modulation signal for the CW pump and improves the 
platicon’s coherence.

Experimentally, the EA contains a two-stage low-noise 
amplifier (maximum 46  dB gain) and a voltage-variable 
attenuator (VVA, maximum 50  dB attenuation). The 
phase shifter is voltage-controlled, allowing for 0◦ to 360◦ 
loop phase variation. We treat 0◦ relative phase with 0 V 
applied. When the EA gain is set to 36 dB and the loop 
phase is 240◦, the system self-oscillates. The optical spec-
trum of the platicon microcomb is shown in Fig. 3b. The 
inset highlights comb lines with 10.69927 GHz spacing. 
The ultimate microwave power applied on the Si MZM 
is measured as 19 dBm. We observe that the platicon 
microcomb can self-maintain with microwave power 
ranging from 16 to 22 dBm by varying the EA gain.

Previously, platicon microcombs in optical micro-
resonators can be deterministically seeded by phase- or 
intensity-modulation of the CW pump [49, 50]. These 
methods necessitate an external microwave source oper-
ating at a high frequency to match the microresonator 
FSR, which is bulky, power-hungry and expensive. Here 
we obviate external microwave sources by utilizing the 
microwave synthesized via photodetection of the plati-
con’s frep and the OEO loop. In addition, the microwave 
frequency is selected by the EBPF – a passive component 
that is simple, small, stable and does not consume power.

2.3 � Coherence optimization
The mutual coherence of the platicon’s comb lines is 
characterized by photodetection of the platicon’s frep 
using another PD (PD2, Finisar XPDV3120R-VF-FA) 
and analysis of single-sideband RF phase noise (SSB RF 
PN) of frep using a phase noise analyzer (PNA). Figure 3d 
green curve shows the measured microwave phase noise 
of the OEO platicon’s frep without fiber delay, which 
reaches − 57/ − 91/ − 104 dBc/Hz at 1/10/100  kHz Fou-
rier frequency offset. To purify the microwave, a 4.5-km-
long fiber delay is introduced, as exemplified in Ref. 
[45]. Typically, a longer fiber leads to lower microwave 
phase noise. However, there are parasitic limitations on 
the allowed maximum fiber length. First, a longer fiber 
results in smaller OEO mode spacing. In our case with 

4.5 km fiber length, the mode spacing is 43.6 kHz. Sec-
ond, the side-mode suppression ratio (SMSR) decreases 
as the fiber length increases. For example, the SMSR is 
around 35(50) dB for 4.5(2.0) km fiber length. These two 
effects together cause multi-mode competition, resulting 
in instability, mode-hopping and extra noise. The EBPF 
of 10  MHz bandwidth ameliorates this issue and allows 
for stable oscillation with 4.5  km fiber length. Mean-
while, the 10 MHz bandwidth is also sufficiently large to 
facilitate alignment of the OEO frequency and the Si3N4 
microresonator FSR. Measured OEO microwave’s phase 
noise with different fiber delay length is compared in 
Supplementary Materials Note 5. Practically, the SMSR 
can be improved by a multi-loop OEO structure [56].

Finally, with 4.5 km fiber delay, the phase noise of our 
OEO platicon’s frep reaches − 97/ − 126/ − 130 dBc/Hz 
at 1/10/100  kHz Fourier frequency offset, as shown in 
Fig.  3d red curve. The inset shows the electrical power 
spectrum of the frep = 10.69927  GHz microwave with 
5 Hz resolution bandwidth. In comparison, we also meas-
ure the conventional OEO microwave’s phase noise with-
out platicon formation and with 4.5  km fiber delay, as 
shown in Fig. 3d blue curve. The microwave phase noises 
with and without platicon formation are nearly identical, 
indicating that frep directly inherits coherence from the 
OEO microwave. Thus we have not observed the micro-
comb-induced spectral purification effects described in 
Ref. [19, 27, 50]. The reason is due to the fact that our 
microwave phase noise is already sufficiently low. More 
experimental data to quantify the spectral purification 
effect are found in Supplementary Materials Note 6.

Figure  3c shows the measured Allan deviation data 
of the free-running DFB laser’s frequency (optical, blue 
solid curve), and the OEO platicon’s frep (microwave, red 
solid curve), using the PNA. In comparison, the Allan 
deviation data of the self-injection-locked (SIL) DFB 
laser’s frequency (optical, blue dashed curve), and the SIL 
platicon’s frep (microwave, red dashed curve), from Ref. 
[53], are shown. It is evident that the frequency instability 
of the OEO platicon’s frep is significantly lower than that 
of the SIL platicon’s frep , though the free-running DFB 
laser is less stable than the SIL DFB laser. The long-term 
drift (> 10 ms) of our OEO platicon’s frep is mainly deter-
mined by the DFB laser’s frequency drift and the thermal 
drift of the long fiber delay.

The phase noise of frep increases from − 126 dBc/Hz 
to − 118 dBc/Hz at 10 kHz offset by varying the EA gain. 
A large gain can introduce bumps on the phase noise 
curve as detailed in Supplementary Materials Note 7. 
Reference [43] illustrates the influence of loop gain on 
the bifurcation  sequence in the OEO. There is an opti-
mum loop gain range such that Hopf bifurcation with 
constant amplitude generates an ultra-pure microwave. 
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Such an optimum gain is also found in our experiment. 
Meanwhile, Supplementary Materials Note 8 investi-
gates possible reasons that limit our microwave phase 
noise. For example, phase noise can be further reduced 
to − 102/ − 130/ − 131 dBc/Hz at 1/10/100  kHz offset by 
replacing the chip PD with a commercial PD (another 
Finisar XPDV3120R-VF-FA). Meanwhile, replacing the 
Si MZM with a commercial lithium niobate electro-optic 
modulator (LiNbO3 EOM, iXblue MXAN-LN-10-PD) 
reduces phase noise at low Fourier frequency offset, e.g. 
14(5) dB reduction at 0.1(1) kHz offset. The reasons are 
likely due to the fact that both the Si MZM and the chip 
PD are not fully packaged, where optical and microwave 
power fluctuation induced by mechanical vibration on 
these devices causes loop gain jittering. In addition, we 
do not observe phase noise reduction by replacing the 
DFB laser with an external-cavity diode laser (ECDL, 
Toptica CTL).

Figure  3e compares our 10.69927  GHz microwave’s 
phase noise with scaled 10 GHz microwave’s phase noise 
from recent microcomb-based OFD works [35–39]. 
Different from Ref. [35–39], our OEO-platicon-based 
microwave generation does not require any active lock-
ing, servos, multiple lasers, and external RF or micro-
wave sources for reference or regulation. Note that our 

microwave’s phase noise below 1 kHz offset remains rel-
atively high. Possible reasons causing this issue are dis-
cussed in Supplementary Materials Note 5.

3 � Discussion
Towards heterogeneous integration. While the DFB laser, 
the Si MZM, the Si3N4 microresonator, and the PD are 
photonic chips, the entire OEO platicon system is not 
yet fully integrated. Nevertheless, with maturing hetero-
geneous integration and photonic-electronic co-pack-
aging, our OEO microcomb system has the potential to 
be fully integrated [57]. Figure  4 depicts an envisaged 
fully integrated architecture. The photonic Damascene 
process [58] is advantageous to fabricate ultralow-loss 
Si3N4 waveguides and microresonators with a planar-
ized top surface, ideal for wafer bonding of other thin 
films [12, 59] and micro-transfer printing [60]. On Si3N4 
waveguides, DFB lasers and PDs can be heterogene-
ously integrated, as described in Ref. [12] and Ref. [61], 
respectively. In addition to Si MZMs that are naturally 
compatible with heterogeneous integration on Si3N4, 
thin-film LiNbO3 EOMs can also be integrated on Si3N4 
as demonstrated in Ref. [62]. In particular, broadband 
LiNbO3 EOMs allow OEO microcomb generation with 
repetition rate over 100 GHz, critical for applications in 

Fig. 4  Envisaged architecture of a fully integrated OEO microcomb. The CW light emitted from a DFB laser is intensity-modulated 
by a high-speed MZM. The modulated CW laser is power-amplified, and then couples into a Kerr microresonator via the through port. The 
output light from the microresonator’s drop port is injected into a tightly winded fiber. The output light from the fiber is detected by a PD. 
The converted electrical signal goes through a series of microelectronic elements, comprising a bias tee (BT), an electrical amplifier (EA), 
and a voltage-variable attenuator (VVA). The signal from the VVA is fed back to drive the MZM. The generated microcomb is collected 
from the output of the microresonator’s through port. Note that, only when the CW carrier and the intensity-modulation sidebands are aligned 
with the microresonator resonances, they are allowed to exit from the microresonator via the drop port. Thus, the microresonator with the drop 
and through ports functions as a narrowband RF mode selector, which only selects the OEO frequency corresponding to the microresonator’s FSR
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coherent communication and ranging [63]. The optical 
amplifier can be erbium-doped Si3N4 waveguides [64] or 
III-V semiconductor optical amplifiers [65]. Meanwhile, 
ultralow-loss waveguides and microresonators can also 
be made of LiNbO3 [66, 67], allowing microwave-rate 
bright soliton [68] or dark pulse [69] generation. In such 
a way, the inclusion of EOMs is straightforward [70, 71] 
and does not require heterogeneous integration. Lasers 
and PDs can be heterogeneously integrated on LiNbO3 
[72]. The optical amplifier can be erbium-doped LiNbO3 
waveguides [73] or III-V semiconductor optical amplifi-
ers [74].

As it is impossible to fabricate kilometer-long inte-
grated waveguides, fiber can only be hybrid-integrated 
or packaged to the OEO microcomb chip, as well as the 
microelectronic chip containing the VVA, EA and bias-
tee. In our experiment, the tightly winded fiber has a vol-
ume below 500 cm3. The RF phase shifter in Fig. 3a can 
also be omitted with the long fiber, as discussed in Sup-
plementary Materials Note 9. In addition, Fig.  4 shows 
that the microresonator with a drop port can serve as 
an optical band-pass filter in the OEO. The pump car-
rier and the sidebands are allowed to pass through the 
microresonator only if they all align with the microreso-
nator’s resonances, resulting in narrowband selection of 
the OEO mode at the microresonator FSR. Meanwhile, 
amplified spontaneous emission (ASE) noise from the 
optical amplifier is suppressed. In such a way, the EBPF 
can be excluded and the required fiber length can be sig-
nificantly shortened with the high-Q microresonator [71]. 
This leads to not only reduced size and weight, but also 
a more stable microcomb with relaxed OEO multi-mode 
competition.

Conclusion. In conclusion, we have demonstrated 
an OEO microcomb that spontaneously harmonizes a 
coherent microcomb and a low-noise microwave. The 
critical components of our OEO microcomb involve 
a high-power DFB laser, a broadband Si MZM, an 
ultralow-loss Si3N4 microresonator, and a high-speed PD. 
Each component represents the state of the art in its own 
class, yet can be manufactured in large volume with low 
cost and high yield using established CMOS and III-V 
foundries. The synthesized microcomb features 10.7 GHz 
repetition rate with phase noise of − 97/ − 126/ − 130 
dBc/Hz at 1/10/100 kHz Fourier frequency offset. Com-
pared to our previous demonstration of fully integrated 
microcomb-based microwave oscillators [53], our cur-
rent OEO microcomb – also entirely passive but not yet 
fully integrated – allows further noise reduction espe-
cially at the low Fourier frequency offset, i.e. 12/22/21 dB 
reduction at 0.1/1/10  kHz offset. This critical improve-
ment is attributed to the introduction of the OEO feed-
back loop, which is simple yet endows major spectral 

purity. This microwave phase noise of our OEO micro-
comb is on par with state-of-the-art integrated OEOs, 
as compared in Supplementary Materials Note 10. In 
contrast to recent demonstrations using microcomb-
based OFD [35–39], our OEO microcomb can achieve 
comparable phase noise performance [37, 38] by inher-
iting the OEO microwave’s coherence. Yet it is entirely 
passive, and does not require extensive active locking, 
additional lasers, and external RF or microwave sources, 
as well as sophisticated initiation. Besides, we find that 
the previously observed microcomb-induced spectral 
purification effects [19, 27, 50] are absent in our OEO 
microcomb, and conclude that the generated microcomb 
does not reciprocally purify the microwave regulating the 
microcomb. Our work paves a greatly simplified route 
to symphonizing coherent and robust microcombs and 
microwaves. Moreover, with the fast evolving heteroge-
neous and hybrid integration, our OEO microcomb has 
promising potential to be fully integrated on a monolithic 
chip with improved stability. Our OEO microcomb can 
become an invaluable technology and building block 
for microwave photonics, radio-over-fiber, and optical 
communication.
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