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Optical Ranging Using Coherent Kerr Soliton
Dual-Microcombs With Extended
Ambiguity Distance
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Abstract—Optical ranging is a key technology in metrology.
Dual-comb ranging is shown to provide several advantages in
light ranging, offering high precision with high acquisition rate.
However, performance of traditional dual-comb ranging systems
based on microcombs are limited by the short ambiguity distance,
requirement of high-bandwidth detectors and complex control
loops for stabilization. Here, we show that the compatibility with
low-bandwidth detectors of dual-comb ranging system can be
achieved by using coherent Kerr soliton microcombs generated by
a shared light source, which significantly enhances the coherence
without additional control. This approach also significantly reduces
the computational cost, providing a route to real-time processing.
According to vernier effect, the ambiguity distance is extended
to 3.28 m from about 1.5 mm by switching the two combs and
the uncertainty reaches about 1.05 x 10~7. Combining coherent
microcomb ranging systems with special FPGA could enable comb-
based real-time ranging systems for several applications such as
industrial process monitoring.

Index Terms—Dual-comb interferometer, microcomb, dissip-
ative kerr soliton, optical ranging.
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I. INTRODUCTION

ASER based light detection and ranging (LIDAR) is a

key technology in industrial and scientific metrology,
providing high-precision, long-range and fast-acquisition
measurement [1]. LIDAR systems have entered a wide range of
applications, including autonomous driving, satellite formation
flying, unmanned aerial vehicle navigation or gravitational
wave detection. When it comes to fast and precise ranging
over long distances, optical frequency combs [2] exhibit
significant advantages, utilizing time-of-flight methods [3],
interferometric methods [4], or their combination schemes [5].
Early experiments utilized the stability of repetition frequency
in mode-locked lasers to achieve time-of-flight ranging [3]. The
interferometric dual-comb scheme relies on multi-heterodyne
detection through the coherent superposition of a pair of
frequency combs with slightly different repetition rate (f,¢p) [6],
using phase information of beat notes between multiple
longitudinal modes. When interference happens between such
combs, in the frequency domain, the spectrum of the optical
frequency comb is compressed, while in the time domain, the
original short pulse signal is stretched [7]. By controlling the
repetition rate difference between two optical frequency combs,
the broadband optical comb can be compressed into the RF
band to form a ‘radio frequency comb’ (RF comb). The spacing
between two comb teeth of the electric frequency comb is
equal to the repetition rate difference between the two optical
combs, which is also the refresh frequency of the ranging
system.

The comb-based coherent laser ranging system offers high
precision and fast distance acquisition. The dual-comb schemes
based on fiber lasers provides methods to achieve extended am-
biguity range, real-time processing and fast acquisition rate [5],
[8], [9], [10]. However, such optical frequency comb generators
have low integration level. In recent years, dissipative Kerr
soliton (DKS) frequency combs (microcombs) based on high-Q
microresonators shows high integration, low power consump-
tion and higher repetition rate [11]. Microcombs provide a
route to ranging systems that combine accuracy and ultra-high
acquisition rate [12]. DKS is generated in a continuous laser
driven microresonator, relying on double balance between dis-
persion and nonlinearity as well as cavity loss and parametric
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gain [13]. Mathematically, it is regarded as an equilibrium
solution of Lugiato-Lefever equation [14]. However, existing
dual-comb ranging schemes based on microcombs are unable
to fully possess these positive features: high-integration level,
low requirement for detectors, absolute ranging in long dis-
tance, fast acquisition rate and real-time processing. The scheme
in [12] have short ambiguity distance ¢/2n fyc, ~ 1.5 mm and
demand for high bandwidth detectors. Scheme in [15] achieves
low-bandwidth compatibility using coherent microcombs, but
the acquisition rate varies in several kHz. An important reason
for the limitations is that the microcomb is almost immutable
because it is generated in a microresonator with certain cavity
length and free spectral range (FSR). In other words, the carrier
envelope offset frequency (fcro) and fr.., of the microcomb
are almost fixed. The most important requirement for the de-
tectors is that the bandwidth should cover the beat notes of two
microcombs. The center frequency of beat notes between two
free-running microcombs may reach a maximum of 1/2 FSR,
which generally varies from several GHz to THz [16], which
places high demands on the detection devices in the system and
makes it impossible to achieve real-time processing. Meanwhile,
it is proved that a quantified trade-off between precision and
ambiguity distance exists in dual-comb ranging systems with
certain repetition rate difference (A f,¢,) [17]. Though the tun-
able Af,, in several kHz is achieved by changing the pump
power [15], the larger continuously tunable range is needed.
Consequently, the limitations of microcomb ranging systems
need to be overcome.

Here, we show that dual-comb ranging with extended ambi-
guity distance and low-cost detectors can be achieved through
coherent DKS microcombs and optical switch, which has the
potential for real-time measurement. The coherent microcombs
are realized through thermo-optic effect, which extend the light
path with the rising of environment temperature by increasing
the refractive index of the medium. Therefore, f,., and cen-
tral frequency of microcombs can be adjusted by controlling
temperature. f.., varies in the range of several MHz. The
center frequency of the RF comb can be tuned by generating
microcombs using pump laser with certain frequency difference.
Moreover, according to vernier effect, the ambiguity distance
can be extended to ¢/2nAf,., by switching the two micro-
combs, where Af,., stands for the repetition rate difference
between two microcombs [5]. We detail in Section II the inter-
ferometric method with extended ambiguity distance used. The
principles of distance measurement and extending ambiguity
distance through vernier effect are given. The necessity and
advantages of using coherent microcombs is discussed. In Sec-
tion III, we detail the method of generating coherent microcombs
by thermo-optic tuning. The tendency of resonant frequency and
tunable range of f,., with varying temperature is measured.
Finally, in Section IV, coherent microcombs are utilized in the
ranging system. An comparison between the performance of
using two free-running microcombs and coherent microcombs is
illustrated, presenting great advantages of reducing phase noise,
reducing the computational cost and alleviating the requirement
for detectors.

5451

II. PRINCIPLES OF DUAL-COMB RANGING WITH EXTENDED
AMBIGUITY DISTANCE

In this section, the principle of our dual-comb ranging scheme
is discussed and the main purpose is to address the limitations
of high requirement for detectors and the short ambiguity range
in the existed schemes. The basic principle of interferometric
dual-comb ranging method is shown in Fig. 1, which is based
on multi-longitudinal mode heterodyne phase information. The
phase-based dual-comb ranging requires two optical frequency
combs with slightly different repetition rate, which are used as
signal comb and local oscillator (LO) comb, respectively. For
the the signal comb, the beam splitter (BS) is used to divide
it into two parts, one part is sent to the target to be measured
through a circulator (Circ), and then enters the circulator for
return after reflection. For ease of expression, the path passing
through the measured distance is called ‘measurement path’,
while the other path is called ‘reference path’. For the local
oscillator comb, it is directly divided into two parts via a beam
splitter. Two signal beams are coupled with two LO beams
through couplers, and then enter the balanced photodetector.
The signals of the two balanced photodetectors are connected
to two channels of the high-speed oscilloscope for recording. In
the frequency domain, two microcombs with slightly different
frep enable multi-heterodyne detection. As shown in Fig. 1, the
optical frequency combs in the THz scale are converted to a RF
comb in GHz scale.

A prominent requirement of this method for detectors is the
bandwidth must cover the beat signal between the two micro-
combs. The upper bound of the frequency is approximately 1/2
FSR of the combs. According to Nyquist’s law, the sampling
rate of an oscilloscope needs to be greater than twice the highest
frequency of the RF-comb. Typically, the FSR of frequency
combs based on micro-resonators ranges from tens to hundreds
of GHz, which is difficult to achieve. To address this issue, we
use microcombs pumped by a shared laser source, referred to
as coherent microcombs. The central frequency of RF-comb
generated by coherent microcombs equals the pump frequency
difference, which is marked as F' in Fig. 1, and the spacing
between adjacent teeth equals the repetition rate difference. To
avoid overlap of positive and negative frequencies, the pump
frequency difference is set as an appropriate frequency F', which
can be covered by low-bandwidth detectors. Therefore, the beat
signal is an RF-comb centered on F' with spacing A f,.cp,. As
mentioned before, A f,., usually falls in the range of several
MHz. Typically, the range of the RF-comb can be restricted
within the order of GHz, which possibly meet the bandwidth
of FPGAs to realize real-time processing. Furthermore, it is
possible to adjust F' according to the value of Af,., to meet
the minimum requirements for the detectors.

To give a brief mathematical description, we select the p-th
spectral line of the signal comb and the local oscillator comb,
respectively. The following descriptions are for a single spectral
line. For the two parts of the signal comb, one part generates a
phase difference d¢,, relative to the other part which is deter-
mined by the measured distance d, the refractive index n of the
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Fig. 1. Principle of interferometric dual-comb ranging. The interference between the signal comb and the LO comb generates an RF comb. Each comb tooth of

the RF comb is a beat note of one comb tooth of the signal comb and one comb tooth of the LO comb. When using coherent microcombs as the light source, the
central frequency of the RF comb is marked as F, which equals the frequency difference of pump laser. The interference of the p-th comb tooth happens in both
paths and the measured distance is contained in the phase difference. BS, beam splitter; Circ, circulator; OSC, oscilloscope; BPD, balanced photodetector.

medium in the measured distance, and the line frequency w; ,,.
The relationship is
- an(ws,u)ws,u

Opp=—""""r-—""- ey

The optical field of the measurement path and the reference
path satisfies the following equation

ES,mes = ES,ref67j5<pM~ (2)

The two parts of the local oscillation comb coupled to the
signal comb are also written as E1,0 mes and Er,0 oy respec-
tively. Then the beat signal of both paths enter the balanced
photodetectors (BPDs). The output signals of the two balanced
photodetectors are (detail see [12])

. A .

imes(t) = RZ*O‘I {Es,mesELO,mes} &)
‘ A .

Zref(t) - R?OS{ES’TefELO,Tef} (4)

where R is the sensitivity of balanced photodetectors (BPDs), A
is their photosensitive area, Z is the free-space wave impedance,
and ¥ means taking the imaginary part.

After Fourier transform to the signals, the phase difference
between the reference and measurement signal is written as

Ad = arg{Eg,nzesEL07M€S} - arg{Eg,refELOﬂ’ef}' (5)

Since two parts of the LO comb are identical, £, s and
E'1,0,res has no phase difference. We have

AP = aTg{E:g,mes} - aTg{Eg,ref} = 5@# (6)

Therefore, we obtained the phase modulation caused by the
measurement distance by detecting the signal comb through a
multi-heterodyne phase measurement. Combining (1) and (6),
with wy , = w0 + pws,,., the relationship between the phase
difference and the spectral line number is

2dn(ws p)ws,r  2dn(ws u)wso

Ad, = p—— R ; ™

where w, - and wy o correspond to fy.., and f,—o of the signal
comb, respectively. The measured distance is filled with air,
which has constant reflectivity to different wavelength. It can
be seen that the phase difference A®,, is linearly related to the
spectral line number . In the slope term, except for the distance
d to be measured, the refractive index of air, the velocity of light,
and f,¢, of the signal comb are all known. The distance can be
calculated by linearly fitting A®,, to f.

An optical switch module with 2-input and 2-output is added
between the optical frequency comb generation system and the
ranging system of the experimental setup. The optical switch
has two modes which are directly output and exchange the
two optical inputs before outputting. The ambiguity distance
of the dual optical comb ranging can be extended through the
vernier effect. Without the optical switch, the ambiguity distance
is equal to half of the distance between two soliton pulses,
which is Lgmp = ¢/2n frep. For the microresonator used in our
experiment, this distance is approximately 1.5 mm, which is
difficult to meet the needs of practical applications. We con-
nect the two inputs of the optical switch to soliton frequency
comb generation systems, and then connect the output as two
optical combs to the subsequent ranging system. By changing
the mode of the optical switch, the signal comb and the local
oscillator comb are exchanged. In other words, we finish two
measurements with the combs. As mentioned before, the two
combs have slightly different repetition rates, which cause the
ambiguity distance is slightly different in two measurements
(note as Lgmp1 and Lgmpe). The principle is shown in Fig. 2,
which is similar to multiple pulse repetition frequency method
in radar [18]. Lgmp1 s slightly shorter than L.,p2. The Lgpp 1S
extended to the distance between two aligned positions, which
is written as Loy = (m 4+ 1) Lampr = MLampe. Since the two
repetition rates are approximately the same, the expansion factor
m can be written as m = frep/A frep. The ambiguity distance
is calculated by

Lambl Lamb2 _ c (8)
Lame - Lambl QnAfrep .

Lamb =
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Fig. 2. Extend the ambiguity distance via vernier effect. Before and after
switching the signal and LO combs, the distance is measured at two different
ambiguity distance (L b1 and Lgymp2, Lampe is slightly longer than L ,,51)-
Two possible cases during distance synthesis, L,,1 > L2 and Ly,1 < L2,
are shown in (a) and (b), respectively.

The absolute distance in Ly, is calculated through the follow-
ing rules. First, two ranging results under different ambiguity
distances are obtained before and after the switching process.
Then, they can be synthesized into one according to vernier
effect. Within one ambiguity distance, two different cases may
be met: L,,1 > L.,,2 and L,,; < L,,>. For the former case
(shown in Fig. 2(a)), the absolute distance can be regarded as
the solution to (9).

d1 = kLambl + Lml - kLamb2 + Lm2 (9)

where k is an integer. The measured distance d; can be derived
as

di = Lman,me - LmQLn,mbl
1= .

(10)
Lamb2 - Lambl

For the latter case (shown in Fig. 2(b)), the distance is the solution
to (11).

dy = kLampr + L,y = (k — 1) Lampz + Ly,o (11)
The measured distance ds can be derived as
Lam - L/ Lam L/ Lam
dy = Lomv2 = L) Lamon + Ly Lamoz 5,

LaanQ - La’mbl

A reasonable assumption is that (10) and (12) both assume
no integer k error in measurement. Because when integer er-
ror exists, the result has at least a short ambiguity distance
(Lamp1,2) shifting and will be easy to recognize. Since A f,.¢, of
microcombs generated in resonators with the same size usually
falls in the range of several MHz, this method can increase the
measurement distance by three orders of magnitude. The most
complicated step in data processing is the Fourier transform of
the recorded signal with the complexity of O(nlogn), where
n stands for the points number of Fourier transform which is
directly related to the sampling rate. Other steps such as linear
fit or distance synthetize cost much less time. Therefore, the
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computational cost of this ranging scheme mainly depends on
the sampling rate of detectors.

III. COHERENT DUAL-COMB GENERATION

Dual-pump method [19] is applied in our soliton generation
system. Each microresonator is pumped by a pump laser and
an auxiliary laser. The pump laser is used to generate the mi-
crocomb, and the auxiliary laser is used to balance the thermal
dynamics during soliton generation as well as precisely control
the detuning. The auxiliary laser lies within the blue detuned
regime and possesses self-thermal locking, which enables high
precise control of pump detuning [20]. The principle is shown
in Fig. 3(a) [21]. As the auxiliary laser enters the resonance
peak from blue-detuned regime, the resonator is heated with
redshift of resonant frequency. During the generation of soliton
microcombs, the wavelength of auxiliary laser is set as a proper
wavelength and power to balance the heat flow caused by the
pump laser. To further enhance the stability, a temperature
controller is used to reduce the impact of the environment [20].
Consequently, the pump laser scan across the resonance peak and
enter the soliton existence region in red-detuned range with little
thermal variation, and a DKS is generated in the microresonator.

An additional demand for generating coherent microcombs
is to simultaneously match the pump frequency with the res-
onance of two resonators. A previous research uses acoustic
optical modulator (AOM) to achieve this purpose [22]. Our work
provides a more convenient route without additional device that
is using thermo-optic tuning to microresonators to change the
effective cavity length via temperature. Limited by the manu-
facturing process, even resonators processed according to the
same structure are shown to have independent resonance. How-
ever, with temperature control to microresonators, the resonance
can be precisely adjusted to match the pump laser. Fig. 3(b)
illustrates the experimental setup for dual soliton microcombs
generation system, which is an upgraded version of a standalone
soliton microcomb prototype based on dual-pump method [23].
There are two microresonators (mark as 1# and 2#) and three
1550-nm narrow linewidth lasers (mark as 1#, 2# and 3#) in
the system. Laser 1# works as the pump laser to generate two
microcombs. It is split into two parts and one part is directly sent
to an Er-doped fiber amplifier (EDFA) while the other one is sent
to a suppressed carrier single-sideband (SSB-SC) modulator.
A single-sideband is generated with an adjustable frequency
difference and sent to an EDFA. Both parts are boosted to an
appropriate power and pump the microresonators. Laser 2# and
3# work as the auxiliary lasers. They are amplified and injected
into the microresonators from the opposite direction of the pump
laser. The FPCs are used to control the polarization, which is
necessary for single soliton microcomb generation. We adopt
two Si3 /N4 micro-resonators on two chips for soliton micro-
combs generation. The cross sections of each chip are about
Smm X 5mm. The diameter of the microresonator is 240 um
and FSR is approximately 95 GHz. To support DKS formation,
the resonators are designed to have anomalous dispersion and
high Q-factor. Each Si3 N, chip is coupled with two lensed fiber
and placed on a thermoelectric cooler (TEC), which is used to
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(a) Soliton generation process in dual-pump method. The auxiliary laser lies in the blue detuned regime while the pump laser scan across the resonant peak.

The single soliton causes a deformation of the resonant peak, which consists of a C-resonance and a S-resonance, and the pump frequency lies in the S-resonance.
(b) Experimental setup. EDFA, Erbium-dropped fiber amplifier; Iso, isolator; FPC, fiber polarization controller; TEC, thermoelectric cooler; PM, powermeter;
SSB-SC, suppressed carrier single-sideband modulator; OSA, optical spectrum analyzer. (c) Photograph of the Si3/N4 chip placed on a TEC. The waveguide of
the chip is coupled with a lensed fiber. (d) Microscopy image of a microresonator with the diameter of 480 pm. (e) Resonant frequency as a function of temperature

when changing from 24 °C to 35 °C.

enhance the stability as well as tune [, and f,,—o, which stands
for the frequency of the tooth corresponding to the pump laser.
As the TEC temperature raised, the microresonator is lengthened
and the repetition rate and the resonant frequency are increased.
It is worth mentioning that the frequency difference between
pump lasers is only limited by the RF signal generator and the
bandwidth of SSB-SC modulator. In a specific ranging system,
it would be reset according to actual requirements.

Before generating coherent microcombs, we roughly measure
the redshift trend of the resonant frequency at high power and
the variable range of f,., with the influence of thermal optical
effect. The microresonator is solely pumped by a laser. With
100 MHz each step, the laser scans across the resonant peak. The
existence of first pair of four wave mixing sidebands is regarded
as the frequency entering the resonant peak, while the frequency
of leaving the resonant peak is presented by the disappearance
of the chaotic spectrum. Due to the slow tuning speed and the
influence of thermal effects, the intracavity light field does not
enter the soliton state. As shown in Fig. 3(e), the red-shift trend
of the resonance peak shows aroughly linear trend with different
temperature. For every 1 °C increasing in temperature, the red
shift of the resonance peak is approximately 4.8 GHz. Therefore,
for the 95 GHz microresonators used in this experiment, a simple
and feasible solution to tune the resonant peak to any frequency
is changing the temperature within 20 °C.

In order to measure the variation of repetition rate as tem-
perature changes, the interferometric method is utilized. Two
free-running single soliton microcombs are generated through

dual-pump method. As is well-known that the repetition rate is
possibly influenced by the intracavity power, the pump power re-
mains unchanged during the whole process. For one microcomb,
power of the pump laser is set as 27.5 dBm, and the auxiliary
laser is set as 30.5 dBm. For the other, the pump and auxiliary
laser are setas 29 dBm and 32.5 dBm, respectively. The TECs are
both tuned within the range of 25 °C to 40 °C. Since each one of
the single solitons possibly disappears when detuning changes
with the temperature, the lasers must be tuned again after the
stabilization of temperature. Fortunately, the automated soliton
generation system is available [24]. One TEC temperature is
changed at a time while the other one stays constant. It is found
that the tunable range of the repetition rate can reach several
MHz. When the TECs are tuned from 25 °C and 35 °C to
30°Cand 36.5 °C, the repetition rate difference between the two
free-running microcombs varies from 1.84 MHz to 14.58 MHz,
which shows a variable range of at least 12 MHz. The varia-
tion is not continuously observable because the bandwidth of
our detectors is 18 GHz while the signal may reach 50 GHz.
Though larger range of temperature is available, the repetition
rate difference does not change significantly, which may because
of the slow heat conduction of our chip. Herein, we would further
extend the tunable range by changing the temperature as well as
the pump power.

Here, we know the ability of the thermal optical effect to
adjust the parameters of the optical frequency comb. Coherent
microcombs can be generated through the following steps. First,
input an RF signal to the SSB-SC modulator to set the pump
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shown). The spacing between the adjacent teeth is 45.68 MHz.

frequency difference, typically, 3 GHz in our experiment. Then,
adjust the temperature to make the resonant frequency differ-
ence between the two microcavities roughly equals the pump
laser frequency difference. Third, the two auxiliary lasers are
tuned to the blue detuning region, generating a small number of
sidebands through four-wave mixing. Pump lasers scan through
the resonant peak synchronously, one of which generates a single
soliton in one microresonator. For the other microresonator,
tune auxiliary laser to control the detuning of the pump laser,
making the pump laser reach the single soliton state. Specifically,
when the microresonator #1 reaches a single soliton state, if
the optical field inside the microresonator #2 is in a chaotic
or multi-soliton state, the auxiliary laser wavelength should be
decreased to make the resonance blue-shifted, increasing the
pump laser detuning, and causing the intracavity optical field
to enter single soliton state. If the pump laser has completely
passed through the resonant peak of the microresonator #2,
it is necessary to first increase the auxiliary laser wavelength,
causing the resonance red-shifted until the pump laser re-enters
the resonance. At this point, the intracavity optical field may
be in chaotic state or multi-soliton state. Then, decreasing the
auxiliary laser wavelength to increase the detuning of the pump
laser and enters single soliton state.

In this way, we obtained two optical frequency combs with a
center frequency difference of 3 GHz. With temperature control
the microcombs keep stable for several hours, which fully meet
the requirements of the ranging system. Due to the limited
nonlinear conversion efficiency of dissipative Kerr solitons, the

soliton state optical frequency comb has a strong continuous
wave background at the pump frequency, containing most of
the power of the optical frequency [25]. Due to the smoothness
of spectral envelopes is required in multi-longitudinal-mode
heterodyne interferometry, the pump light and the reflected light
of the auxiliary laser are filtered out through fiber Bragg gratings
(not shown). Consequently, the coherent microcombs become an
ideal light source for dual-comb ranging.

IV. DUAL-COMB RANGING

The multiheterodyne detection devices for distance ranging
are shown in Fig. 4(a). Microcomb 1# and 2# are the LO comb
and signal comb in the system, respectively. The signal comb
and the local oscillator (LO) comb are amplified to about 6 mW
by a pair of C+L-band EDFAs. The signal comb and LO combs
are split by two fiber couplers. The polarization beam splitter
(PBS) and PM are used to separate a linear polarization mode
to participate in the interference. In the measurement path, one
part of the signal comb is routed to the target and back, then
forwarded to a BPD after interfering with the LO comb. In the
reference path, the other part of signal and LO combs directly
interferes with each other and sent to another BPD, while the
FPCs guarantee the premise of interference.

For a precision analysis, we measure the distance between the
collimator and a static mirror, and the medium in the middle is
air, with a refractive index of 1 for all wavelengths. Fig. 4(c)
shows the spectrum of two soliton microcombs that are pumped
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by laser with 3 GHz frequency difference. The pump and aux-
iliary laser are filtered by fiber Bragg gratings, so the relative
spectral lines are missing. Since different proportion of power
are coupled into the OSA, the recorded spectrum looks different.
Fig. 4(b) shows the signal recorded by the oscillator. The sam-
pling rate of the oscillator is 50 GSa/s and entire recording time
is 625 ps (31250000 samples in total), including the switching
time (about 300 pus). Notice that the switching process must
be reversible to meet the needs of practical applications. The
signal from both paths are presented as pulse series, and the first
0.625 ps are magnified in Fig. 5(a), which can be regarded as
the sampling of the signal comb by the LO comb.

Fig. 4(d) shows the Fourier transform of the beat signal
recorded in the measurement path between the signal and LO
combs, which is an RF comb in the frequency domain. As men-
tioned before, the distance information is contained in the phase
difference between RF combs transformed by the two paths.
The spacing of beat notes equals the repetition rate difference
and amounts to A f,..,, = 45.68 M H z. Thereby, the minimum
acquisition time is t4cq = 1/Afrep = 22.22 ns. Limited by the
switching time, the acquisition frequency is about 3.3 kHz
and the ambiguity distance is Laymp = ¢/2A frep = 3.28 m. At
an average time of 9.56 us, the Allan standard deviation is
o = 346 nm, which also satisfies the assumption that no integer
error fork. The uncertainty is § = 0/ Lgmp = 346 n1m/3.28 m =~
1.05 x 10~7. Though the extension of ambiguity range sacri-
fices the acquisition rate, the switching process contains enough
time to finish the digital signal processing, which provides the

potential to real-time processing. Additionally, the longer-range
distance measurement with high precision can be achieved by
combing our scheme with some ambiguity-free methods, such
as chaotic dual-comb ranging [26].

To better illustrate the advantages of using coherent micro-
combs in the dual-comb ranging systems comparing to using
free-running microcombs. We analyze the ranging signal in both
the time and the frequency domain. The phase noise significantly
decreased, because the pump lasers of coherent microcombs are
generated by the same laser, while one of them is amplified
after carrier-suppression single-sideband modulation. For the
time domain, when coherent microcombs are used, Fig. 5(a)
and (c) shows the recorded signal in both paths when the combs
are pumped together and separately, respectively. The ratio of
pulse amplitude to noise amplitude is twice as it when using
free-running microcombs. Therefore, signal-to-noise ratio has
increased by two times. As shown in Fig. 5(b) and (d), in the
frequency domain, the 3 dB bandwidth of a single spectral
line of the RF-comb is approximately 1.14 MHz when pumped
separately, which contains lots of noise. Under the same pump,
the 3 dB bandwidth of a single spectral line is about 40 kHz,
which decreases by about 29 times.

In our experiment, the RF comb generated by beating be-
tween coherent microcombs with center frequency difference
of 3 GHz and repetition rate difference of several MHz lies in
the band lower than 4 GHz. According to Nyquist’s law, the
corresponding oscilloscope sampling rate only needs 8 GHz,
which greatly reduces the dependence on the high sampling rate
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of the oscilloscope and the high bandwidth of the photodetector.
Additionally, to match the requirements of actual application
scenarios, the center frequency difference of pump lasers may
be adjusted to a lower frequency without overlapping of positive
and negative frequency. Therefore, the bandwidth can be further
reduced without downgrading the performance.

To verify the feasibility of the standpoint, we downsampled
the data obtained from the ranging experiment to 10 GSa/s
before processing, and obtained the same results as before.
The RF spectrum after downsampling is shown in Fig. 5(e),
showing the complete spectrum information is preserved. Since
no pre-anti-aliasing filter is used, aliasing makes several high-
frequency noises appearing at low frequencies in the RF spec-
trum after being downsampled, but these lines would not affect
our data processing. It is worth mentioning that the bandwidth
can be further reduced. The advantages lies in three aspects: 1)
greatly reducing the dependence on the sampling rates of oscil-
loscopes and the bandwidth of photodetectors, 2) significantly
shortening processing time, typically in our experiment, from
about 1 minute to 12 seconds on a PC with 400 data points
acquired, which shows the real-time processing is achievable,
3) making it possible for data processing to run on common
field-programmable gate arrays (FPGA) integrated with lower
sampling rate analog-to-digital conversion modules (ADCs) or
specialized hardware. A feasible scheme is that 1) connect
the FPGA with the photodetectors and the optical switch, 2)
keep recording and processing the signal during working with
switching the optical switch every 320 us containing enough
time for switching and recording, 3) output the synthesized
distance result.

V. CONCLUSION

We demonstrate the viability of coherent soliton microcombs
to act as the optical source for phase-based optical ranging
system and a key step toward real-time dual-comb ranging.
Although most of the technical blocks of integrated dual-comb
ranging are demonstrated, one of the remaining key challenge is
achieving real-time processing. We have solved this problem in
terms of reducing the amount of data required for distance mea-
surement. While maintaining the accuracy of distance measure-
ment and the acquisition rate, we have achieved an improvement
in processing speed by lowering the frequency of RF signals.
Alternatively, our scheme is a modularized system, including the
comb-generation module and distance-measurement module,
which makes it reconstructible. Other pumping method, such as
the automated self-injected lock method [27], the laser-cavity
frequency comb with high power efficiency [28] can be used,
permitting high quality optical frequency combs. Based on these
studies, we believe that the real-time dual-comb LIDAR could
have further application fields. Real-time signal processing also
enables real-time results acquisition for dual-comb based imag-
ing or identification.

ACKNOWLEDGMENT

The authors acknowledge Prof.Xinyu Fan and Dr.Zhengchao
Yuan for their discussion on data analysis.

[1]

[2]
[3]

[4]
[5]

[6]
[7]

[8]
[9]
[10]

[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]

5457

REFERENCES

M. Amann, T. M. Bosch, M. Lescure, R. A. Myllylae, and M. Rioux,
“Laser ranging: A critical review of unusual techniques for distance
measurement,” Opt. Eng., vol. 40, no. 1, pp. 10-19, Jan. 2001.

T. Udem, R. Holzwarth, and T. Hinsch, “Optical frequency metrology,”
Nature, vol. 416, no. 6877, pp. 233-237, Mar. 2002.

K. Minoshima and H. Matsumoto, “High-accuracy measurement of 240-m
distance in an optical tunnel by use of a compact femtosecond laser,” Appl.
Opt., vol. 39, no. 30, pp. 5512-5517, Oct. 2000.

Y.-S.Jang et al., “Comb-referenced laser distance interferometer for indus-
trial nanotechnology,” Sci. Rep., vol. 6, no. 1, Aug. 2016, Art. no. 31770.
I. Coddington, W. C. Swann, L. Nenadovic, and N. R. Newbury, “Rapid and
precise absolute distance measurements at long range,” Nature Photon.,
vol. 3, no. 15, pp. 351-356, Jun. 2009.

G. Wu, S. Zhou, Y. Yang, and N. Kai, “Dual-comb ranging and its
applications,” Chin. J. Lasers, vol.48,no. 15, Aug. 2021, Art. no. 1504002.
I. Coddington, W. C. Swann, and N. R. Newbury, “Coherent dual-comb
spectroscopy at high signal-to-noise ratio,” Phys. Rev. A, vol. 82, no. 4,
Oct. 2010, Art. no. 043817.

J. Fellinger et al., “Simple approach for extending the ambiguity-free range
of dual-comb ranging,” Opt. Lett., vol. 46, no. 15, pp. 3677-3680, 2021.
R. Li et al., “Ultra-rapid dual-comb ranging with an extended non-
ambiguity range,” Opt. Lett., vol. 47, no. 20, pp. 5309-5312, 2022.

L. Lang, S. L. Camenzind, B. Willenberg, R. Presl, C. R. Phillips, and U.
Keller, “Free-running dual-comb LiDAR at long distances with real-time
processing at a 7.7-KHz update rate,” in Proc. Optica Sens. Congr. (AIS,
FTS, HISE, Sens., ES), 2023, Paper ETh2E.4.

T. Herr et al., “Temporal solitons in optical microresonators,” Nature
Photon., vol. 8, no. 2, pp. 145-152, Feb. 2014.

P. Trocha et al., “Ultrafast optical ranging using microresonator soliton
frequency combs,” Science, vol. 359, no. 6378, pp. 887-891, Feb. 2018.
T. J. Kippenberg, A. L. Gaeta, M. Lipson, and M. L. Gorodetsky, “Dis-
sipative KERR solitons in optical microresonators,” Science, vol. 361,
no. 6402, Aug. 2018, Art. no. eaan8083.

L. A. Lugiato and R. Lefever, “Spatial dissipative structures in passive op-
tical systems,” Phys. Rev. Lett., vol. 58, no. 21, pp. 2209-2211, May 1987.
M.-G. Suh and K. J. Vahala, “Soliton microcomb range measurement,”
Science, vol. 359, no. 6378, pp. 884—887, Feb. 2018.

S. A.Diddams, K. Vahala, and T. Udem, “Optical frequency combs: Coher-
ently uniting the electromagnetic spectrum,” Science, vol. 369, no. 6501,
Jul. 2020, Art. no. eaay3676.

B. Martin, P. Feneyrou, D. Dolfi, and A. Martin, “Performance and
limitations of dual-comb based ranging systems,” Opt. Exp., vol. 30, no. 3,
pp- 4005-4016, Jan. 2022.

D. K. Barton, Modern Radar System Analysis. Artech House, Inc., Nor-
wood, 1988.

H. Zhou et al., “Soliton bursts and deterministic dissipative KERR soliton
generation in auxiliary-assisted microcavities,” Light: Sci. Appl., vol. 8,
no. 1, May 2019, Art. no. 50.

Y. Geng et al., “Enhancing the long-term stability of dissipative KERR
soliton microcomb,” Opt. Lett., vol. 45, no. 18, pp. 5073-5076, Sep. 2020.
S.Zhangetal., “Sub-milliwatt-level microresonator solitons with extended
access range using an auxiliary laser,” Optica, vol. 6, no. 2, pp. 206-212,
Feb. 2019.

Y. Geng et al., “Phase noise of KERR soliton dual microcombs,” Opt. Lett.,
vol. 47, no. 18, pp. 4838-4841, Sep. 2022.

C.Xi, C.Hu, Y. Shen, L. Zhou, H. Wang, and G. He, “A standalone soliton
microcomb prototype,” in Proc. Conf. Lasers Electro- Opt. Pacific Rim,
2022, Paper CFA1J.

L. Zhou, Y. Shen, C. Xi, X. Huang, and G. He, “Computer-controlled
microresonator soliton comb system automating soliton generation and ex-
panding excursion bandwidth,” Opt. Continuum, vol. 1,n0.2,pp. 161-170,
Feb. 2022.

J. K. Jang et al., “Conversion efficiency of soliton KERR combs,” Opt.
Lett., vol. 46, no. 15, pp. 3657-3660, Aug. 2021.

A. Lukashchuk, J. Riemensberger, A. Tusnin, J. Liu, and T. J. Kippenberg,
“Chaotic microcomb-based parallel ranging,” Nature Photon., vol. 17,
no. 9, pp. 814-821, 2023.

A.S. Voloshin et al., “Dynamics of soliton self-injection locking in optical
microresonators,” Nature Commun., vol. 12, no. 1, Jan. 2021, Art. no. 235.
H. Bao et al., “Laser cavity-soliton microcombs,” Nature Photon., vol. 13,
no. 6, pp. 384-389, Jun. 2019.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


