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Breaking the temporal and frequency 
congestion of LiDAR by parallel chaos

Ruixuan Chen1,4, Haowen Shu1,4, Bitao Shen1,4, Lin Chang1,2,3,4 , Weiqiang Xie2, 
Wenchao Liao1, Zihan Tao1, John E. Bowers    2  & Xingjun Wang    1,3 

The rising demand for high scanning accuracy and resolution in sensors 
for self-driving vehicles has led to the rapid development of parallelization 
in light detection and ranging (LiDAR) technologies. However, for the two 
major existing LiDAR categories—time-of-flight and frequency-modulated 
continuous wave—the light sources and measurement principles 
currently used for parallel detection face severe limitations from time- 
and frequency-domain congestion, leading to degraded measurement 
performance and increased system complexity. In this work we introduce 
a light source—the chaotic microcomb—to overcome this problem. This 
physical entropy light source exhibits naturally orthogonalized light 
channels that are immune to any congestion problem. Based on this 
microcomb state, we demonstrate a new type of LiDAR—parallel chaotic 
LiDAR—that is interference-free and has a greatly simplified system 
architecture. Our approach also enables the state-of-the-art ranging 
performance among parallel LiDARs: millimetre-level ranging accuracy 
and millimetre-per-second-level velocity resolution. Combining all of these 
desirable properties, this technology has the potential to reshape the entire 
LiDAR ecosystem.

LiDAR technology has undergone remarkable advances over the past 
few years, driven by the interest in autonomous vehicles1–4. Safe, reliable 
unmanned driving can only be achieved through real-time updates of 
three-dimensional (3D) information of the surrounding environments 
in a wide field of view and with high imaging resolution. To achieve this 
goal, one major evolutionary route of LiDAR is parallelization5: by con-
ducting multichannel measurements simultaneously, 3D imaging can 
be realized with only 1D scanning, leading to a substantially improved 
acquisition rate and angle resolution. Moreover, parallelization can 
also relieve the reliance on the beam-steering mechanism. Commer-
cial LiDAR currently carries up to 128 channels for parallel detection6.

However, despite these advantages, the previously developed 
parallel LiDARs all face a critical challenge in channel congestion (see 
Fig. 1a,b): the overlap between light channels in the time or frequency 

domain makes it difficult to distinguish the effective echo signals 
from interference. Pulsed laser sources are used for time-of-flight 
(TOF) LiDAR and the temporal congestion comes from the interfer-
ence between adjacent channels or other external pulsed sources 
mixing with the valid channel echo signal7; coherent frequency 
lines serve as the light source for the recently demonstrated paral-
lel frequency-modulated continuous-wave (FMCW) LiDAR8, and any 
frequency domain overlaps—whether from other signal lines on the 
same source or from another coherent light source9—will cause fre-
quency congestion. Such congestion usually results in degraded rang-
ing accuracy or fake images7, which are becoming a major problem for 
LiDAR’s development, particularly when multiple devices work within 
a limited space—a common working scenario for self-driving vehicles. 
Moreover, it is foreseeable that the external space on the future road 
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to effectively generate parallel chaotic signals in an energy-efficient 
and low-cost way hinders further evolution of high-speed LiDAR with 
strong resistance to interference/jamming. Moreover, the ranging 
information of chaotic LiDAR is extracted from the correlation between 
the reference and echo signals, and the detection accuracy directly 
depends on the bandwidth of the modulation24. To satisfy the high 
precision requirement in self-driving vehicles and other applications, 
high-speed random number generators and electro-optical modula-
tors are necessary, which pose a substantial increase in cost and system 
complexity for parallelization. These difficulties, combined with the 
challenges of high-level photonic integration of LiDAR systems, have 
been stalling the progression of this field.

In this work we break through the temporal and frequency conges-
tion barriers by introducing a novel electromagnetic wave source—
chaotic microcombs—to ranging and detection systems. Induced by 
the instability of a Kerr microresonator pumped by a continuous-wave 
laser, the special comb state exhibits an inherently spatial-temporal 
chaotic nature, where every comb line is orthogonal and therefore 
can be clearly distinguished from every other comb line even when 
they overlap in both the time and frequency domains. Based on such 
a chaotic light source, we demonstrated a parallel chaotic LiDAR 
system that is immune to interference. By using a highly nonlinear 
AlGaAsOI microresonator, a record-high chaotic spectrum beyond 
12 GHz for microcombs has been demonstrated, which leads to an 

will be flooded with different types of LiDAR signals, and the prob-
ability of interference between LiDARs will increase considerably, as 
indicated in Fig. 1c.

The wisdom from other fields that use parallel information pro-
cessing can be employed to overcome this problem: in wireless com-
munications, the code-division multiple-access systems10 are able to 
arrange each user with a unique and quasi-orthogonal coding sequence, 
thereby improving spectrum efficiency and reducing inter-channel 
cross-talk. Likewise, in radar technologies, multi-input multi-output 
radar systems transmit mutually orthogonal signals from multiple 
transmit antennas, and these waveforms can be extracted from each 
of the receive antennas by a set of matched filters11–13. However, the 
implementation of such strategies in LiDAR technology is much more 
challenging: although orthogonal coding of the light source14 can 
help alleviate the interference problem15–17, digital LiDARs based on 
pseudo-random modulation18 require high-speed optoelectronics for 
pattern generation and modulation; the chaotic LiDAR is proposed to 
generate chaos-modulated light by using intrinsic laser dynamics19, 
which can eliminate the additional power consumption for orthogonal 
coding20–22, but the generation of chaotic waveforms still requires care-
ful external feedback. Besides, both approaches have faced the same 
problem of limited detection throughput due to the long accumula-
tion time window for each probe test, which makes them unsuitable 
for real-time high-speed 3D imaging23. Overall, the lack of manner 
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Fig. 1 | A congestion-free LiDAR by parallel chaos. a, Scenario illustration of 
the congestion issues. Tx(Rx) represents the transmitter(Receiver); PD represents 
the photodetector; B represents the bandwidth of the linear frequency chirp, 
while fmax and fmin denote the maximum and minimum frequency. b, Comparisons 
between the parallel TOF, FMCW and chaotic LiDAR show the advantages of 
using parallel chaos, which includes breaking the temporal and frequency 
congestion and system simplicity in the receiving end. c, Conceptual diagram of 
the parallel chaotic LiDAR used in a real scenario. d, Conceptual illustration of 

integrated parallel LiDAR system, which is mounted in the headlight position of 
the car shown in c. The chaotic comb with a wide spectrum range is pumped by a 
heterogeneous integrated DFB laser and is emitted to different spatial channels 
in correspondence with the wavelength of the comb line by a one-dimensional 
optical phased array (OPA). The echoes containing all wavelength channels are 
received simultaneously by two high-sensitivity PDs and calculated with the 
demultiplexed reference channels to obtain the distance, velocity and reflectivity 
information by Application Specific Integrated Circuits.
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unprecedented ranging precision of 2 mm and accurate velocity detec-
tion of a slow-moving (<5 millimetre-per-second speeds) target. We also 
present a high-resolution 3D image by using 51 comb lines. Due to the 
desirable properties of chaos-endowed orthogonality, the architecture 
for such high-level parallelization is very simple (shown in Fig. 1d): only 
a single source is used at the transmitter side and only two photodetec-
tors are required at the receiver side without any multiplexing compo-
nents, which greatly reduce the system’s cost. Importantly, all of the 
components in the architecture are integration compatible, which pro-
vides the technical basis for future high-volume-produced wafer-scale 
LiDARs. Furthermore, this chaotic LiDAR shows outstanding interfer-
ence tolerance: a reasonable SNR can still be attained when the inter-
ference light is 1,000-times stronger than detection signals received 
at the photodetector. With these results, our work demonstrates a 
new solution to high-performance and low-cost LiDAR, and similar 
parallelization-based strategies can be further extended to a much 
broader electromagnetic spectrum such as radar, millimetre-wave 
and terahertz-wave systems.

Parallel chaos generated by microcombs
In this work, the parallel chaos is generated by continuous-wave pump-
ing an AlGaAsOI (refs. 25,26) microresonator, as shown in Fig. 2. The 
waveguide dimension of the resonator is 600 nm × 400 nm, ensuring 
anomalous dispersion in the C band. By manually tuning the frequency 
of the pump laser into a resonance around 1,550 nm, a chaotic micro-
comb can be generated without any feedback or control circuitries. As 
shown in Fig. 2b, the chaotic comb has a trapezoid envelope, with an 
ultra-flat spectrum in the central part.

The key difference of such a chaotic state, compared with the com-
monly used coherent soliton microcombs27, is the inherently chaotic 
nature: all comb lines bear random intensity and frequency modula-
tions. This property is characterized by sending each comb line into a 
photon detector. As an example, we picked one comb line generated 
from a 90 GHz resonator (labelled in Fig. 2b) and plotted its properties 
in Fig. 2c–e. It can be found that the amplitude randomly fluctuates 
temporally, resulting in chaotic behaviour (Fig. 2c). Its autocorrela-
tion function (ACF) is plotted in Fig. 2d, which shows a delta-function 
shape, preventing possible range ambiguity from self-interference28. 
Importantly, as every comb line is orthogonal to each other (the only 
exception is the correlated relationship between pair of comb lines 
symmetric to the pump due to the nature of the parametric oscillation 
process), the congestion problems of signals in temporal and frequency 
domains can be completely lifted.

In chaotic LiDAR measurement, the ranging accuracy is directly 
related to the range resolution R by

R = c × FWHM
2 (1)

where c is the velocity of light, and FWHM is the full-width at 
half-maximum of the ACF. As governed by the Kerr effect, the chaotic 
dynamic is directly determined by the nonlinear coefficient and intra-
cavity energy density. One key advantage of this work is the use of the 
AlGaAsOI platform for generating the chaotic comb state. The giant 
Kerr nonlinear coefficient of AlGaAs, which is the highest among com-
monly used integrated photonic media, enables an FWHM of lower 
than 0.15 ns, which corresponds to a range resolution of ~2.25 cm. Such 
resolution is comparable with state-of-the-art LiDAR technologies. 
Reflected in the chaotic spectrum, Fig. 2e shows the radio frequency 
spectrum for the generated chaos over a broad frequency range up to 
7 GHz. The chaotic spectrum can be further expanded by pumping a 
smaller ring for a higher energy density. Figure 2e also shows the radio 
frequency spectrum of chaotic combs generated in the 850 GHz ring. A 
wider chaotic spectrum up to 12 GHz can be obtained by using a smaller 
ring, which suggests an even higher range resolution.

The high range resolution and chaotic spectrum make AlGaAsOI 
a superb choice over other material platforms in terms of generating 
a chaotic microcomb state. In Fig. 2f we simulate the range resolution 
based on chaotic combs generated in the commonly used microcomb 
platforms. At the same power level, the chaotic state in AlGaAsOI pro-
duces one order of magnitude better resolution than the most widely 
used Si3N4 microcomb. Based on the calculation, a range resolution 
down to 3 cm is available with ~20 dBm pump power when using the 
90 GHz AlGaAsOI microcomb, consistent with our experimental result. 
The pump power level can be achieved by an on-chip laser or semi-
conductor optical amplifier, which makes this approach desirable for 
future full integration while maintaining great performance.

The detuning between the pump laser and cavity resonance is a 
critical parameter that affects the chaotic nature of the comb state. In 
Fig. 2g we estimate the range resolution under different detuning of 51 
comb lines in the C band by measuring FWHMs. The chaotic state can 
be maintained within a 50 GHz detuning range. The range resolutions 
<3 cm for all comb lines in the C band are ensured in an 18 GHz detuning 
range. Typically, the long existence range results from a combination of 
the Kerr shift and thermal resonance shift29,30. In the AlGaAsOI platform, 
the ultra-long existence range of the chaotic comb state is attributed to 
the high thermo-optical effect, as detailed in Supplementary Note 1. The 
ultra-long existence range promises a stable free-running source, which 
is vital for practical applications, unlike with the above-demonstrated 
parallel FMCW LiDAR, whose light source is a soliton state and requires 
complicated control and feedback in operation.

Non-cross-talk, high-precision parallel ranging
Harnessing this novel light source, here we demonstrated a new type 
of LiDAR: the parallel chaotic LiDAR. The principle of chaotic ranging is 
based on the correlation property of the random intensity-modulated 
signal. By calculating the cross-correlation between the signal and refer-
ence, the delay time of the launching signal taking in the round-trip of 
free space can be obtained from the position of the correlation peak, 
thereby determining the distance.

The naturally parallel chaos can offer a more simplified architec-
ture than previous parallel LiDARs: at the transmitter side, the massive 
number of mutually orthogonal channels are generated simultaneously 
by just pumping the AlGaAsOI microresonator by a continuous-wave 
laser. The large accessing window of such a chaotic state helps get rid 
of all of the optical and electronic control circuitries while still main-
taining the consistency and stability of the comb state; at the receiver 
side, the chaos-endowed orthogonality naturally isolates each channel, 
therefore supporting single-pixel detection31 for a group of parallel 
echo signals. The signal of the target channel is then distinguished 
from the mixture of multichannel echoes by a simple cross-correlation 
calculation. As channels are highly orthogonal with each other, the 
cross-correlation between the reference and unmatched channel will 
be zero and only the target channel will show a correlation peak. Such a 
scheme greatly relieves the number of receiving photodetectors, which 
was a major expense when doing all kinds of parallelization in previous 
LiDAR technologies. Although a photodetector array must be employed 
at the reference end in this scheme, the array does not need to be highly 
responsive and sensitive due to the much higher signal power than that 
at the receiver end, therefore leading to much lower cost.

Here we experimentally characterized the proposed parallel chaotic 
LiDAR system with non-cross-talk and high-precision ranging. In the 
set-up shown in Fig. 3a, an amplified continuous-wave laser was used as 
a pump to generate the chaotic comb. A total of 20 comb lines between 
1,543 nm and 1,558 nm were selected for ranging characterization, half 
of which fell to the left side of the pump and the other half to the right. 
As the four-wave mixing process that excites the Kerr comb leads to a 
stronger correlation between the pump-centered symmetrical comb 
pairs, two detectors are required to receive the echoes from the corre-
sponding single-sided combs. In the experiment, ten comb lines are 
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launched at a time and dispersed by a transmission grating into the free 
space to detect different points on a whiteboard (see Supplementary 
Note 2). Meanwhile, the comb is power split, demultiplexed and then 
fed into the reference photodetectors. The spectral echoes scattered 
from the target object were amplified and received without demultiplex-
ing. As shown in Fig. 3b, the correlation calculation is performed channel 
by channel, and then the detected distance of the specific channel xμ 
can be derived from the lag time of the correlation peak Δtμ by

xμ =
c × Δtμ

2 (2)

Figure 3c shows the SNR of the correlation peak and average dis-
tance result for each ranging channel. The spectral non-uniformity of 
the SNR of the correlation peaks comes from the irregular reflections 
from the uneven surface of the whiteboard. Although the decreased 
SNR may result in deviations in the delay time, it can be resolved by aver-
aging the results of multiple detections. The ranging results of all chan-
nels exhibit high consistency, which verifies that the proposed parallel 
chaotic LiDAR system permits simultaneous demodulation of spectral 

echoes with a simplified system structure and no channel-to-channel 
cross-talk. Our parallel ranging demonstration’s excellent immunity 
to inter-channel interference is of great potential because the number 
of high-performance detectors does not increase substantially as the 
number of parallel channels increases, which can greatly reduce the 
cost at the receiving end due to the increased detection throughput. 
Furthermore, the performance of existing on-chip high-speed germa-
nium detectors is sufficient to meet the needs of the reference end and 
is capable of large-scale integration. Such a scheme that requires only 
one photodetector at the receiving end to achieve multiwavelength 
channel detection was previously implemented via a time-stretching 
method32 and spectro-temporal encoding33. By contrast, our scheme 
is able to detect parallel channels simultaneously without consuming 
additional hardware or modulation power at the transmitter side.

To verify the capability of high-precision ranging offered by the 
broad chaotic spectrum discussed in the last section, we selected one 
channel whose chaotic spectrum was beyond 12 GHz for whiteboard 
detection. The motorized target was set to move along the rail and 
away from the collimator in steps of 1 cm, and then the corresponding 
distance between the collimator and target was measured. Figure 3d  
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shows that all 20 ranging results have a ranging precision of 2 mm, 
which is the best result among the reported parallel LiDAR systems 
and one order of magnitude better than the other microcomb-based 

LiDAR8. Such high distance resolution also has the benefit of distin-
guishing a moving object in a shorter interval time, which results in 
better velocity resolution. The velocity measurement was performed 
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by ranging a moving object. The target is manipulated in a reciprocating 
motion at a constant speed on the rail. By continuous measurement, 
the trajectories of the moving target are recorded at three distinct 
speeds. As depicted in Fig. 3e, the high ranging precision of the single 
parallel channel ensures that the low-speed movement can be meas-
ured accurately with a resolution of around 5 mm s–1, which is limited 
by the speed restriction of the motorized rail instead of the LiDAR itself.

Massively parallel 3D imaging
Beyond the great ranging accuracy, we further explore the capabil-
ity of the chaotic parallel LiDAR by performing high-resolution 3D 
imaging. Due to the flat-top characteristic of the chaotic microcomb 
spectrum, a total of 51 distinct comb lines with 90 GHz mode spacing 
(without the pump) were used for the imaging experiment without an 
extra filtering process. These detection channels were amplified and 
mapped to the pixels in the horizontal direction through a transmission 

grating. Beam scanning in the vertical direction was performed sequen-
tially through a galvo mirror. A simulated scene containing a model 
pedestrian, guideboard and a car with 2–3 cm distance spacing was 
created, and set 1.85 m in front of the collimator (see inset in Fig. 4a).  
Figure 4b shows the entire 5.8 cm × 7.6 cm imaging frame of the recon-
structed scene, with a maximum image resolution of 51 × 75 pixels for 
the static frame. Unlike the previous parallel FMCW LiDAR, whose range 
resolution and accuracy encountered a degradation caused by the 
Raman effect and higher-order dispersion34–36, the parallel ranging 
implemented by the chaotic comb overcomes such disadvantages 
and has consistent range resolution for each operating channel (see 
Supplementary Note 3). Meanwhile, benefiting from our record-high 
chaotic spectrum of the comb signal, the three objects in the scene can 
be clearly distinguished and their recreated shape contours are not 
distorted, as depicted in Fig. 4c,d. Both the imaging and range resolu-
tions are superior to the parallel ranging results achieved by a previous 
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work8. To more intuitively demonstrate the range resolution, we also 
conduct another detection for two sheets of paper with patterns on 
the front sheet (see Supplementary Note 4). As the accumulation time 
for each pixel was set to 12.5 μs for better SNR detection, our LiDAR 
system can achieve a reasonable acquisition rate of 4.1 megapixels 
per second, which is also comparable to current commercial LiDAR 
products37,38. The effective range for our LiDAR system prototype can be 
approximately predicted to be 10 m, and the standard deviation of the 
3D imaging results is smaller than 2.7 mm (see Supplementary Note 11). 
The short detection range of our demo system is mainly restricted by 
the monostatic set-up, whose reflection from the collimator lens does 
not reduce with increasing distance. A bistatic system can be further 
considered as it is more flexible to increase the receiving aperture and 
the reflection from the collimator can be eliminated.

In addition to spatial depth information, the reflectivity is further 
valuable information extracted from detection. In practical applications, 
it is mainly used to achieve the preliminary classification of targets with 
different reflectance for specific target detection such as lane lines while 
rejecting useless information to assist and accelerate the algorithmic 
processing of other image-sensing signals. We therefore also performed 
reflectance detection for the three types of material corresponding to 
the objects in the created scene, and three cubes with surfaces made of 

car paint, silicone and stainless steel were scanned by the same set-up 
illustrated in Fig. 4a. The intensities of the reflectance were derived from 
the relative cross-correlation peak intensity relative to the weak reflec-
tions of the collimator at each detection point (see Supplementary Note 
5 for details). From the histograms of the reflectance detection for each 
type of material (see Fig. 4e), there is a clear demarcation in the reflec-
tion intensity distribution, that is, skin-like materials such as silicone are 
relatively strong in light absorption, so the intensity of its relative cor-
relation peak value is mostly distributed below 1, whereas the other two 
materials with stronger scattering are clearly distributed in the interval 
greater than 2. Although they will also have distributions in the interval 
with lower relative cross-correlation peaks, this is mainly because the 
smooth surfaces of these materials are more likely to concentrate light 
scattering into azimuths far from the receiving aperture of the system.

Interference-free LiDAR
In the previous section, the orthogonality of the chaotic comb lines 
eliminates inter-channel interference and simplifies the receiving 
architecture. Meanwhile, in practical ranging scenarios, the background 
noises—together with other irrelevant high-intensity signals—will serve as 
the jamming source, therefore degrading the ranging accuracy or caus-
ing fake signals at receiving end. The interference is becoming a severe 
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problem with the growing popularity of LiDAR in many applications. In 
spite of that, the microcomb-based parallel chaos proposed here will be 
invaluable in these applications due to its interference-free capability.

Several experiments are performed in this work to verify such 
immunity, in which different types of jamming signals (for example, 
ASE noise (see Supplementary Note 13) and high-power FMCW and 
randomly modulated continuous wave (RMCW) signals) are intention-
ally generated and mixed with the echo signal ahead of the receiver, as 
shown in Fig. 5. The cross-correlations between the mixed receiving and 
reference signals are then calculated with the variations of the interfer-
ence–signal ratio (ISR), which refers to the power ratio between the 
interfering signal and echo signal received at the photodetector. The 
power proportion between the ASE noise and the target echo in par-
ticular is changed by a variable optical attenuator before injection into 
the erbium-doped fibre amplifier (see Fig. 5a). The result shows a wide 
detection dynamic range under interference, where flat and saturated 
SNR of the correlation peaks is maintained when the receiving power 
is above −40 dBm, before decreasing linearly. The SNR is still beyond 
the 3 dB detection threshold when the receiving power is attenuated 
to −60 dBm, much lower than that in the aforementioned 3D imaging 
experiments, indicating the requirement of laser radiation power could 
be much lower, which benefits the eye-safe operation.

The interference-free ranging operation is verified by employing 
intense FMCW and RMCW signals as interfering sources (see Fig. 5b,c). 
Both results show a correlation peak detectable ISR of larger than 
25 dB, which means the interference signal could be resisted even if the 
detected power is over 200-times higher than that of the target echo 
signal. It is also worth noting that the SNR degradation here is mainly 
caused by the reduced signal power rather than interference light as the 
echo power is deliberately attenuated for the variation of ISR to avoid 
saturating the receiving photodetector. Moreover, the acceptable ISR 
could be further improved by increasing the integration time. As shown 
in Fig. 5d,e, with detection integration time raised from 12.5 μs to 125 μs, 
an additional 5 dB correlation peak SNR could be obtained, indicating a 
>30 dB tolerable ISR. Such an approach provides another dimension for 
the promotion of receiving SNR compared with traditional detection 
manners, which favour weak signal detection in extreme conditions.

Discussion
In summary we have demonstrated a parallel LiDAR that features 
high-precise ranging and strong jamming immunity. By breaking the 
temporal and frequency congestion that plagues the conventional paral-
lel schemes, the complexity of the system does not go up as the channel 
number increases, which is invaluable in practical applications. Without 
the limitation of channel numbers set by the congestion, the chaotic 
LiDAR can potentially support massive parallelization with much more 
channel numbers than current LiDARs. The interference-free nature can 
allow a high density of devices to work simultaneously. Moreover, the 
unprecedented ranging accuracy and velocity resolution demonstrated 
in this work can open many new applications beyond self-driving, such 
as monitors of small deformation in construction as well as the simulta-
neous localization and mapping for the rapid-growing metauniverse. 
Although some common problems, such as multi-path interference, can 
degrade the ranging accuracy of several channels of the parallel chaotic 
LiDAR, the miniaturization and low-cost properties of our parallel cha-
otic LiDAR help support multiple LiDAR configurations on a vehicle to 
scan the overlapped field of view to reduce the influence.

In addition to the performance, the chaotic LiDAR also features 
a great advantage in terms of cost. The whole system is integration 
compatible39: the DFB laser pump and semiconductor optical ampli-
fiers can be all on an III–V chips or heterogeneous integrated onto 
silicon-on-insulator technology (ref. 40) or Si3N4 (ref. 41), where a 
solid-state emitter such as OPA42–45 or FPA46, and on-chip highly sensi-
tive APDs47 have been already demonstrated. As such, the entire system 
can be massively produced at a wafer scale by photonic foundries, 

which will considerably accelerate the spreading of the technology in 
the consumer market.

Furthermore, the chaotic microcomb source can also play key 
roles in a much broader scope beyond what we demonstrated here. 
As the modulation instability state also features random frequency 
modulation48, the heterodyne detection scheme49 is a feasible manner 
to use another soliton state microcomb with identical mode spac-
ing as the local oscillators, which features advantages in long-range 
detection and instant multidimensional perception capability, 
although at the expense of hardware complexity. Importantly, such 
parallel chaos can be transferred to other electromagnetic frequencies 
through frequency division multiplexing, therefore benefiting radar, 
millimetre-wave and terahertz sensing, and so on. This work opens a 
window for the active use of modulation instability comb, which has 
been paid little attention before compared with its counterparts of 
coherent states like bright solitons27,50–53 and dark pulse solitons54–56. 
With many desirable properties, such a special light source can lead to a 
profound impact on many other applications, such as random number 
generation57 and communication58.
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Methods
Fabrication and characterization of the chaotic source
The microresonators were fabricated by heterogeneous wafer bonding. 
The AlGaAs epitaxial films were grown by molecular-beam epitaxy. A 
248 nm deep-ultraviolet stepper was used for the lithography. A pho-
toresist reflow process and an optimized dry etch process were applied 
in waveguide patterning for waveguide scattering loss reduction. The 
Q-factor for the 90 GHz and 1 THz rings are around 1.5 million and 1 
million, respectively. An inverse taper, with the waveguide width adi-
abatically narrowed from 600 to 200 nm, was used here for efficient 
chip-to-fibre coupling with a transverse electric fundamental mode; 
the coupling loss is ~3 dB per facet.

The chaotic microcombs were generated via manually tuning an 
external-cavity-diode laser (Toptica CTL 1550) from the blue detuning 
side into the resonance. To promote the chaotic spectrum, the pump 
was amplified by an erbium-doped fibre amplifier for power boosting 
to around 200 mW. By improving the coupling efficiency and using an 
over-coupled state, the actual requirement for optical power amplifica-
tion can be further reduced to meet the capability of existing on-chip 
semiconductor optical amplifiers40, which is of great significance for 
hybrid integration of the continuous-wave laser and microring resona-
tor. Furthermore, defective modes in the photonic crystal microring 
can greatly reduce the mode volume59, potentially allowing for greater 
nonlinear effects at a lower power and higher chaotic spectrum. A 
bandpass filter was then used to filter out the broadband ASE noise. 
The microcomb spectra are recorded by an optical spectrum ana-
lyser (Yokogawa AQ6370C). For the autocorrelation test, each single 
comb line is selected by an optical spectral shaper (Finisar Waveshaper 
4000 S) with its programmatic interface. The time domain waveform 
of each chaotic channel was then recorded by a real-time oscilloscope 
(Keysight UXR0334A) for further data analysis. The radio frequency 
spectrum of the microcomb is measured by an Electrical Spectrum 
Analyzer (Keysight N9010BU), with a resolution bandwidth of 100 kHz.

Experimental details
For distance and velocity measurement, a single comb line is selected as 
the operating channel, where, particularly, an 850 GHz chaotic comb is 
employed for high-accuracy characterization. After optical amplifica-
tion, the power splitter separates 90% power into the signal path and 
the residual power into the photodetector (Finisar XPDV2150R) as a 
reference. Then the signal was launched into free space by a fibre optic 
collimator with a waist diameter of 4.65 mm to probe the whiteboard 
that is mounted on a programmable motorized slide rail. The echo sig-
nal was collected by the same collimator and then sent to the receiver 
after amplification. A lens with a focal length of 750 mm was placed 
between the collimator and whiteboard for a larger receiving aperture. 
Each distance step in the static test is carefully calibrated, and real-time 
surveying is performed for velocity extraction. As our measurement 
is based on the continuous wave, the clock and time jitter of the data 
sampling will not change the stochastic properties of the signal. The 
time interval between two ranging samples is realized by controlling 
the oscilloscope sampling with code, so high clock accuracy can be 
ensured for good velocity resolution.

For 3D imaging, we employ the monostatic detection scheme 
for proof-of-principle parallel detection. The experimental set-up is 
depicted in Fig. 4a, in which comb generation and receiving units are 
presented in a simplified way. The chaotic channels are horizontally 
dispersed by a 966 lines per millimetre transmission grating, refracted 
into the vertical direction by a 45° mirror, and then guided to the galvo 
(Thorlab QS45Y-AG) for vertical scanning. The optimal incident angle 
of the transmitted comb lines is 48.3° (perpendicular to the grating), 
and each channel can realize maximum power transmission into the 
first diffraction order. The choice of grating parameters must be related 
to the field of view requirements, and a larger field of view needs a 
comprehensive consideration of channel spacing (free spectral range), 

spectrum range and the angular dispersion of the diffraction compo-
nents. The detection targets (spaced at about 2–3 cm) are all placed 
on a slightly angled plate with a background board set behind. The 
distance between the collimator and targets is about 1.85 m, with a 
1,000 mm focal length lens setting behind the grating. The targets 
we use for reflectivity detection are three cubes with surfaces made 
of silicone, car paint, and stainless steel. They are embedded in three 
vertically aligned holes in a whiteboard, and the number of detection 
points is set up to 306 (18 × 17) on each of their surfaces.

For anti-interference characterization, a single chaotic comb line 
is selected and emitted toward the target object. The echo signals are 
then collected and combined with the jamming signal by a fibre-based 
beam combiner. The mixed signals are amplified by a pre-amplifier 
before injection into the photodetector. The amplifier could be further 
removed from the system by using high-gain avalanche photodiodes. 
A commercial FMCW source (PhotonX laser) and an RMCW source 
from another packaged AlGaAs sample, generating a chaotic comb 
with 90 GHz mode spacing, serve as the jamming signal, respectively. 
An optical attenuator is employed after the interference signal for ISR 
adjustment.

Numerical simulation
To compare chaotic combs generated in different integrated nonlinear 
platforms, simulations based on the Lugiato–Lefever equation

tR
∂E(t, τ)

∂t
= [−(α2 − iδ0) + iL∑

k>1

βk
k! (i

∂
∂τ
)
k

] E + iLγ |E|2 E +√θEin (3)

are performed with parameters reported in refs. 60–63; E(t, τ) represents 
the intracavity optical field; Ein is the pump optical field; α indicates 
the loss coefficient; θ is the coupling coeffieicent; δ0 is the detuning 
between the pump laser and the cold cavity resonance; βk is the 
k-order dispersion; tR and L are the round-trip time and round-trip 
length of the microcavity, respectively. The Lugiato–Lefever equation 
is solved based on the Runge–Kutta method. In the simulation, the 
pump laser is swept into the resonance from a lower frequency and 
stopped before the intracavity state drop to the continuous-wave 
state. The intracavity field evolution for 1 million round-trip times is 
recorded and employed to estimate the FWHM of each comb line. 
Under a certain parameter group, the largest FWHM for all comb lines 
is recorded to characterize the chaotic dynamic. Details can be found 
in Supplementary Note I.

Data availability
The data that supports the plots within this paper and other find-
ings of this study are available on Zenodo (https://doi.org/10.5281/
zenodo.7401674). All other data used in this study are available from 
the corresponding authors on reasonable request.

Code availability
The codes that support the findings of this study are available from the 
corresponding authors on reasonable request.
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