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Laser interferometry serves a fundamental role in science and technology, assisting
precision metrology and dimensional length measurement. During the past decade, laser
frequency combs — a coherent optical-microwave frequency ruler over a broad spectral
range with traceability to time-frequency standards — have contributed pivotal roles in
laser dimensional metrology with ever-growing demands in measurement precision. Here
we report spectrally-resolved laser dimensional metrology via a free-running soliton
frequency microcomb, with nanometric-scale precision. Spectral interferometry provides
information on the optical time-of-flight signature, and the large free-spectral range and
high-coherence of the microcomb enable tooth-resolved and high-visibility interferograms
that can be directly readout with optical spectrum instrumentation. We employ a hybrid
timing signal from comb-line homodyne, microcomb, and background amplified
spontaneous emission spectrally-resolved interferometry — all from the same spectral
interferogram. Our combined soliton and homodyne architecture demonstrates a 3-nm
repeatability over a 23-mm non-ambiguity range achieved via homodyne interferometry,
and over 1,000-seconds stability in the long-term precision metrology at the white noise

limits.



Introduction

With length as one of seven fundamental physical quantities, the ability to precisely
determine distance to a target is especially important such as in observations of gravitational
waves [1] and futuristic space missions of multiple satellite flying formations [2]. With the
current international system of units (SI) meter definition based on light vacuum path traveled in
a time of 1/299,792,458 second [3,4], laser-based distance measurement plays a pivotal role to
advance length metrology with increasing precision. Most laser interferometers are based on the
single-wavelength, with interferometric phase measurement to achieve sub-wavelength precision
[5]. Inherently, a single-wavelength laser interferometer measures distance by accumulating a
displacement from the initial to the target position, with the non-ambiguity range bounded at half
the selected electromagnetic wavelength. To overcome this limitation, absolute distance
measurement — which determines distance by a single operation — has been advanced in various
platforms [6-10].

The advent of the frequency comb, which enables the whole optical frequency span to have
traceability to well-defined frequency standards in the microwave or optical domains [11-13],
brought about a breakthrough in absolute distance measurements [14]. The broad spectrum and
ultrashort pulse of the frequency comb enable advanced laser distance metrology including dual-
comb interferometry [8,15], synthetic-wavelength interferometry [16-18], spectrally-resolved
interferometry [19-22], multi-wavelength interferometry [23-25], and cross-correlated time-of-
flight measurements [9,26]. Recently chip-scale microresonators have contributed to progress in
laser frequency combs [27-30] including the generation of different frequency microcombs [31-
35] temporal solitons [36,37], integrated low-power microcombs [38], and optical frequency
synthesizers [39]. These microcombs enable applications such as low-noise microwave
generation [40,41], optical communications [42], spectroscopy [43,44], and distance
measurement at = 100 nm precision [45-47].

Here we describe spectrally-resolved laser ranging via a soliton frequency microcomb, with
precision length metrology at the few nanometers scale. A single microcomb is utilized, of which
the spectrally-resolved interferometry (SRI) of the measurement and reference pulses engraves

information on the optical time-of-flight. With the large (88.5-GHz) free-spectral range and high-



coherence of our selected frequency microcomb, we directly read out the tooth-resolved and
high-visibility interferogram via optical spectrum analyzers. We utilize a dual-pumping
technique to stably generate the soliton mode-locking in a planar-waveguide SizNg
microresonator [48]. We describe the time-of-flight signal reconstruction via the integrated
platform of comb-line homodyne interferometry, microcomb and background amplified
spontaneous emission spectrally-resolved interferometry, from the same spectral interferogram.
The comb-line homodyne interferometry is unwrapped with the relatively-coarse microcomb,
which 1is itself unwrapped with the low-coherence amplified spontaneous emission
interferometry in the comb-background to achieve a 3-nm precision over a 23-mm non-
ambiguity range. We sample the long-term distance metrology over 1,000-seconds stability and
an Allan deviation up to 300-seconds, with a 3-nm measurement repeatability achieved from
homodyne interferometry. The chip-scale single microcomb provides a platform to apply a
hybrid microcomb and homodyne spectrally-resolved interferometry architecture, achieving
white noise-bounded high precision at long integration times and short distances, even
comparable to a few-Hz stabilized fiber frequency combs. We further demonstrate measurement
linearity in example positional calibration and referenced against a three-dimensional (3D)

precision gauge block for principle demonstration.
Measurement concept of soliton microcomb ranging by spectrally-resolved interferometry

Figure 1 shows our laser dimensional measurement concept with the soliton frequency
microcomb. The time-delayed measurement pulse is described by relative phase delay [1(v) (=
2nv X 10F) to the reference pulse, with v the optical carrier and zror the measurement-reference
time-of-flight delay. With s(v) the pulse spectrum, two separated pulses generate a frequency
interference pattern as i(v) = s(v) [1 + cos [1(v)], engraving the time delay with 1/zror period
(Fig. 1 right panel) with target distance L determination from 2n,;.. = (c,tror) Where ¢, is the
vacuum speed of light and 7, the medium refractive index. The time delay rror is directly
determined by the peak position of the i(v) Fourier-transform, expressed as /(z) = FT{i(v)} = S(7)
® [O(rtrroR)/2+ O(7) + O(7-TT0F)/2], Where O(7) is the Dirac delta function, S(z) the s(v) Fourier
transform, and 7 the time delay. Since s(v) is a real function, its Fourier transform S(z) is
symmetric about 7 = 0 and repeated every t = 1, (=1/f;), where f, is the repetition-rate and t, the

pulse-to-pulse temporal separation.



Since the tror peak is symmetrical to 7,,/2, the measured rror folds at 7,,/2 and the measured
distance has a triangle-shaped profile with increasing target distance [19]. Thus the target
distance is expressed as 2ngi:L = co(mXt,p/2 + tror) for even m, or 2nyil = co{(m+1)X1p/2 - TroF}
for odd m, where m is an integer. In general, the calculated rror from S(z) peak detection is not
precisely determined and is limited by the s(v) bandwidth. We use a curve-fitting algorithm for
precision peak detection and homodyne interferometry toward nanometer-level precision, with
further details in Supplementary Materials S1 [57]. Note that the non-ambiguity range (Lnar) 1s
determined from f, [Lnar = ¢/(4f,)] which corresponds to 850-um (f, = 88.5 GHz). For further
precise measurement, we use the optical carrier phase from the inverse Fourier transformation of
S(z). Then the target distance can be defined as 2n,i:L = co/V(Mhomodyne T L1(V)), Where Momodyne 18
the integer of the homodyne interferometry.

Figure 2 depicts the setup for the microcomb-based dimensional metrology. A dissipative
single-soliton is generated in a planar Si3N4 microresonator, with loaded quality-factor O of
1.77x10°, free spectral range (FSR) of 88.5 GHz, and anomalous group velocity dispersion /3, of
-3+ 1.1 fs*/mm at 1595-nm. The stable single-soliton microcomb mode-locking is achieved with
a counter-propagating dual-driven technique (see Supplementary Materials S2). Fig. 2(b) shows
the generated single-soliton microcomb, formed in the microresonator with Kerr nonlinearity.
The soliton microcomb has a hyperbolic secant-square shape with a 1595-nm center wavelength
and a 40-nm bandwidth. Such a broad spectrum fits well with SRI since the minimum

measurable distance (Lmin) is limited by the Fourier-transform limited pulse duration of light

source (Tpulse) @S 2Lmin = CoXTpuise [19]. The right inset of Fig. 2(b) shows the repetition rate (f,)

frequency stability Allan deviation, at about 5 x 10™ level between 0.5 to 100-seconds (detailed
in Supplementary Materials S3).

Figure 2(a) shows the experimental setup for absolute distance measurement. A C-band
section of the soliton comb is first amplified with an erbium-doped fiber amplifier up to 10 mW,
centered at 192-THz with 2-THz bandwidth. A 50:50 beam splitter divides the soliton
microcomb pulses into the reference and measurement arms for the interferometry and
recombines upon the pulses return. The measurement mirror (Mye,) is mounted on a motorized
stage for translational motion. The recombined beam is collimated into a single-mode fiber, and

sent into an optical spectrum analyzer with 50-pm resolution and 10-pm accuracy (or
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equivalently 6.3x10°® wavelength inaccuracy with respect to the optical electromagnetic carrier).
An example resulting spectral interference pattern is shown in the blue plot of Fig. 2(c). Since
the microcomb has a large 88.5-GHz repetition-rate, the comb tooth-resolved interferogram can
be directly read out with optical spectrum analyzer. In contrast, conventional fiber frequency
combs rely on Fabry-Perot etalon-based mode filtering or virtually-imaged phase array
spectrometers for comb tooth-resolved spectrograms. In Fig. 2(c), the background gray spectrum

is the amplified C-band section of the original soliton microcomb for reference.

Absolute distance metrology by soliton microcomb-based spectrally-resolved

interferometry

To evaluate the measurement reliability, we measured a fixed distance over 1,000-seconds
with a 1-second update rate. During the measurements, the air refractive index is fixed at
1.000247, which is calculated by the empirical equation under standard air [49]. Since the non-
ambiguity range of microcomb-based SRI is limited by hundreds of micrometer, we extend the
non-ambiguity range by introducing coarse measurement from ASE spectrum-based SRI [50,51].
Since the spectrometer resolution is 50-pm (OVspectrometer = 6.14-GHz at 1560-nm), the maximum
measurable range of ASE spectrum-based SRI (Lmax asg) is 23.4-mm by relation of Lyiax ase =
Col2n0Vspectrometer- Further measurement range extension can be realized by introducing other
coarse distance metrology [20,25]. As shown in Fig. 3(b), the target distance (Lyea = CoTTOF/2)
and non-ambiguity range (Lnar = CoTpp/4) 1s determined from the reconstructed time-domain
signal, based on Fourier transform of the interference pattern in the frequency domain. Fig. 3(b)
shows the non-ambiguity range at 0.847424-mm. We see a large peak enhanced by summation of
the ASE and microcomb spectrum, extending the measurement range.

We evaluate the measurement linearity by comparing with the encoder inside the motorized
stage as shown in Fig. 3(c). As shown in Fig. 3(c-1), we model the positioning error with 3 types
of spectral shapes with ideal interference pattern on the spectrum. Although amplified comb
spectrum is narrower than original soliton microcomb spectrum, the positioning error of
amplified comb spectrum case is better because of its smooth spectrum shape. The positioning
errors of amplified comb, full microcomb and sech’ spectrum with same spectral bandwidth of
amplified comb are estimated with standard deviations (1o) of 124-nm, 560-nm and 23-nm,

respectively. The measurements revealed a peak-to-valley discrepancy of + 2.56-um. We note



that the comparison is limited by the motorized stage due to its low accuracy (= + 5-um) (see
Supplementary Materials S4). For further comparison, we compare the measurements between
microcomb SRI and homodyne interferometry. The peak-to-valley discrepancy is = 293-nm with
standard deviation (1c) of 185-nm. We also evaluated the translation motion exceeding the non-
ambiguity range of 850-um as shown in Fig. 3(c) inset. For comparison, the fiber comb-based
SRI result is also plotted in light cyan. Beyond the non-ambiguity range, our measurement and
the encoder matches well within the encoder accuracy. We also measured a standardized gauge
block cross-section with 3-mm height to validate the microcomb SRI for potential 3D surface
measurement. The measurement repeatability taken over 5 consecutive measurements is
determined to be 327-nm and 11.4-nm from microcomb SRI and homodyne interferometry
respectively as the 1o standard deviation (detailed in Supplementary Materials S5). These results
demonstrate that the microcomb SRI has a good potential for length and positioning calibration
such as length standards and high-precision axial positioning.

As shown in Fig. 4(a) and 4(b) up to 1,000-seconds, the measured distance from microcomb
SRI is nearly constant without notable long-term drifts and has a standard deviation (1c) of 81.6-
nm. In contrast, the ASE spectrum-based SRI shows large fluctuations in the distance
measurement due to its incoherence, but aids to extend the measurement range via non-
commensurate periods in the time-domain. The ASE spectrum-based SRI measurement range is
instead usually limited by the spectrometer optical resolution. An average value of the measured
distance from microcomb-based SRI is found to be 8.197951-mm, and its accuracy is estimated
to be 52-nm bounded by the optical spectrum analyzer. This accuracy can be enhanced by
precisely measuring the repetition-rate f,, instead of reading out solely the spectrum analyzer
values. Measurement repeatability (in terms of Allan deviation) is calculated via the long-term
measurement as shown in Fig. 4(c). As noted in Fig. 4(c), the measurement repeatability of
microcomb-based SRI at 1-second (without averaging) is found to be 80-nm. The measurement
repeatability gradually improves to 11-nm, with a measurement fitted relation of 80-nm x ravg'o's
For longer averaging time more than 10-seconds, the measurement repeatability remains below
20-nm.

Homodyne interferometry provides a complementary approach to further improve the
distance metrology precision at the nanometric level, since it employs the optical carrier

frequency instead of the pulse train envelope in microcomb ranging. Using multiple comb lines,



our comb-based homodyne interferometry counts the optical carrier phase and its measured
distance has a standard deviation (1c) of 10.4-nm during the 1,000-seconds integration. We
observed slowly-varying fluctuations (random walk), as shown in Fig. 4(a). (We note that for
specific ranges, such as 900 to 1,000-seconds in this case, the standard deviation improves to
3.6-nm.) An average value of the measured distance from homodyne interferometry is found to
be 8.197915-mm. As shown in Fig. 4(c), the measurement repeatability of homodyne
interferometry at 1-second is found to be 2.85-nm which deteriorated to 6.62-nm at 100-seconds.
The measurement repeatability of microcomb-based SRI and homodyne interferometry are
overlapping at more than 100-seconds of averaging because it is perhaps bounded by slowly-
varying fluctuations on the optical path delay due to measurement path thermal expansion, air
refractive index variations by slowly-varying environmental drift, or long-term fluctuations of
the measured spectrum. If we remove long-term drift using high-pass filtering, the measurement
stability can be enhanced to sub-nm at 100-seconds averaging as shown Supplementary
Materials Fig. S6 (detailed in Supplementary Materials S6). We compare our soliton microcomb
stability measurements with a fully-stabilized fiber frequency comb reference in the SRI
(detailed in Supplementary Materials S7). The measurement repeatability is well-matched to
each other, verifying that our measurement stability is not limited by the soliton microcomb. We
note that the main limitations on the repeatability is the intensity fluctuations such as from the
spectrum analyzer, microcomb, polarization and distance variations and is further described in
Supplementary Materials S8.

We have examined the scaling of the microcomb SRI with estimates of the microcomb
stability (detailed in Figure S8). For distances smaller than 1-m, our precision limit is bounded
by the measurement repeatability. For distances more than 1-m, the measurement precision will
be bounded by the frequency stability of our free-running frequency microcomb which has been
reported at the 10™ to 10™ level [52]. The scaling is square-root proportional with distance since
for the longer distances the precision limit is bounded by the microcomb frequency instability
(4flf ~ AL/L). When locking the free-running microcomb to a Rb atomic clock or micro-photonic
reference [53-56], the frequency stability can be brought down to 107'% at 100-seconds
integration, further improving the long-distance precision of the single-soliton microcomb
spectrally-resolved interferometry. Our proposed scheme can be a platform for next-generation

length standards via chip-scale laser frequency microcombs.
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FIG. 1. Architectural approach of the spectrally-resolved ranging via soliton microcomb.
Reference and measurement pulses of the soliton frequency comb, separated by tror. The
measurement pulse has a relative phase shift [1(v) [= 2av X t70r] to the reference pulse, and it
makes an interference in every frequency mode of the soliton frequency comb. The information
of 77or 1s thus engraved on the interference pattern in the frequency domain, monitored via the
spectrometer. The wide free-spectral range of frequency microcombs enables its comb-tooth
resolved spectral interferogram to be directly readout by readily-available optical spectrum

analyzers.
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FIG. 2. Soliton microcomb-based precision dimensional metrology. (a) Soliton microcomb-based
precision dimensional metrology via spectrally-resolved interferometry. BS: non-polarizing
beam splitter, Mrgr: reference mirror, Myga: measurement mirror, EDFA: erbium-doped fiber
amplifier, CL: free-space collimator lens. Left inset describes schematic for the TE-TM dual-
pumped soliton microcomb generation. (b) Example optical spectrum of the soliton microcomb
from the high-Q Si3N4 microresonator, with the hyperbolic secant-square spectrum. Left inset:
zoom-in illustration of the comb-tooth resolved spectrum. Right inset: Frequency stability of
free-running repetition rate (f;). (c) Example measured high-coherence spectral interferogram
(blue) from the reference and measurement pulses, along with the superimposed spectra of the C-
band amplified soliton microcomb (gray). Red line shows the amplified spontaneous emission
(ASE) noise induced by the EDFA from the same spectral interferogram of the blue line. Inset:
zoom-in illustration of the low-coherence ASE spectral interferogram with the low-visibility

interference.
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FIG. 3. Measurement linearity and distance measurement beyond the non-ambiguity range. (a)
Non-ambiguity range extension by the combined platform of ASE-noise-based spectral
interferometry, soliton microcomb spectral interferometry and homodyne interferometry. To
determine integer M of the homodyne interferometry, the coarse distance measurement from the
microcomb (with 4/2, where 4 = ¢,/v.) is used. At the same time, to determine integer m of the
microcomb, the ASE SRI is used. (b) Time-domain signal reconstruction from the frequency
domain interference. A typical signal-to-noise ratio of the time-domain signal is larger than 100.
(c) Measurement linearity is evaluated by measuring the target distance with 25-um incremental
translation of a motorized stage. Top panel is the modeled results of positioning error for
different spectral shapes. Middle panel is the residual error comparing SRI, homodyne
interferometry and the encoder. Bottom panel left inset shows the measured distance beyond the
non-ambiguity range. The wrapped distance (light blue) is unwrapped with calculated non-
ambiguity in dark blue color. For comparison, a distance measurement from fiber-comb based

spectrally-resolved interferometry is also plotted in orange color.
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FIG. 4. Nanometer-scale precision distance measurement: reliability and repeatability evaluation.
(a) Long-term distance metrology sampled over 1,000-seconds. (b) Left figure: histogram
distribution of microcomb spectral interferometry and ASE spectral interferometry, with lo
standard deviation of 81.6-nm (blue) and 285-nm (red) at 1,000-seconds measurement. Right:
histogram distribution of homodyne interferometry, with 1o standard deviation of 10.4-nm at

1,000-seconds measurement (green color). The 3.6-nm standard deviation is an example obtained
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from 900 to 1,000-seconds (yellow color). (c) Measurement repeatability verification through
Allan deviation of the long-term ranging data. 3-nm measurement repeatability is achieved from
drift-compensated homodyne interferometry. The white noise limit is denoted by the dashed gray
line while flicker noise is not observed within our 100-seconds averaging time. Measurements
from a few-Hz-stabilized fiber mode-locked laser frequency comb laser metrology are illustrated
for comparison. Black dashed lines denote simulation results about intensity fluctuation induced
measurement repeatability. Orange dashed line denotes the free-running soliton microcomb

frequency instability-induced measurement repeatability at 8 mm.
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