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sampling rates using Ti:sapphire dual-comb
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Abstract: By using fully-locked Ti:sapphire combs operating with repetition-frequencies of 513
MHz, we demonstrate high-speed dual-comb distance metrology with update rates up to 130 kHz,
equivalent to a sampling interval of 7.7 µs. This measurement bandwidth is achieved by limiting
detection to a wavelength range much less than the pulse bandwidth, enabling interferometric
precision to be reached in a time of 2.6 ms and yielding a precision of 2 nm in 100 ms. The
repetition frequency achieves an instantaneous non-ambiguity range of 29.2 cm, while the high
sampling rate provides the ability to make dynamic measurements, which is demonstrated by
using the system to directly sample audio waveforms by recording the displacement of a mirror
mounted on a loudspeaker.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Dual-comb distance metrology [1,2] combines interferometric precision with the time-of-flight
accuracy of femtosecond pulses [3,4] by reflecting probe-comb pulses from target and reference
objects, and cross-correlating these with local-oscillator pulses to yield interferograms whose
phase encodes the optical path difference [1]. Extending the technique to dynamic measurements
encounters limitations associated with aliasing, which restrict the maximum sampling rate,
equivalent to the comb repetition-rate difference, to ∆frep<f 2

rep/2∆ν, where ∆ν is the optical
bandwidth of the combs and frep is their average repetition rate. Aliasing considerations
have therefore driven the adoption of higher repetition-rate combs in an effort to exploit the
faster acquisition and data averaging available by operating at higher values of ∆frep. Dual-
comb spectroscopy using multi-GHz semiconductor [5] and micro-resonator [6,7] combs has
demonstrated acquisition at up to MHz rates, while dual-comb distance metrology using silicon
nitride micro-ring resonators operating at frep ≈100 GHz has achieved record acquisition rates
of 96 MHz [8]. A gain-switched dual-comb system with frep = 1.1–1.4 GHz was reported with
sampling rates of up to 1 MHz [9], and an electro-optic comb with frep = 10.1 GHz used a novel
repetition-rate switching scheme to achieve acquisition rates of up to 3.28 MHz [10]. The
fast acquisition rates enabled by operating at multi-GHz repetition rates are obtained only by
accepting a smaller non-ambiguity range, defined as vg/2frep, and only 1.5 mm for the fastest
measurement reported to date [8]. While Vernier methods [1] have been used effectively to
considerably extend this range for static objects [10,11], this may be less straightforward in
dynamic measurements, so necessitating a different approach.

For the reasons outlined above, demonstrations of high-speed distance metrology have, to
date, not utilized more mature modelocked solid-state-laser or fiber-laser combs, which are
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commonly limited to frep ≪ 1 GHz but can provide intrinsic non-ambiguity ranges of up to
several meters. Measurements using fiber-laser combs, such as those employed in the first
demonstration of phase-coherent dual-comb distance metrology [1], can benefit from their
exceptionally high long-term phase coherence (e.g. by exploiting coherent averaging to obtain
high precision) but have been restricted to acquisition speeds of no more than a few kHz by
their lower repetition rates [12,13], which are typically around 100 MHz, although recently
signal processing methods have been applied to dual-comb vibrometry at 2-kHz rates [14].
Modelocked solid-state lasers can also provide high-coherence frequency combs, and their higher
repetition frequencies can exploit the f 2

rep scaling of the maximum sampling rate, offering a
promising route to high-speed dual-comb metrology, with a sampling rate of 10.5 kHz being
reported in a dual-comb spectroscopy implementation based on a SESAM-modelocked 822-MHz
Er-doped ZBLAN laser [15]. Here, by using band-limited detection, we present results from a
Ti:sapphire-based dual-comb distance metrology system operating at sampling rates of up to 130
kHz, which enables interferometric precision in the time-of-flight measurements to be reached in
an averaging time of only 2.6 ms, and, after a handover to carrier-phase measurements, provides
a precision of 2 nm in only 100 ms.

2. Ti:sapphire dual-comb system

The Ti:sapphire dual-comb system is shown in Fig. 1(a) and consisted of two ring oscillators
pumped by a single 12-W 532-nm source divided by a 50:50 beam-splitter. The lasers operated
at center wavelengths of around 783 nm (Fig. 1(b)), producing pulses with transform-limited
durations of 54 fs (probe) and 63 fs (local oscillator), repetition frequencies of 513 MHz and with
a repetition-rate difference of 1 kHz. The pulse repetition frequencies of both lasers were locked
to two synchronized radio frequency (RF) synthesizers through feedback control to pairs of fast
and slow intracavity piezoelectric transducers (PZTs). Two common-path f -to-2f interferometers
[16] provided the carrier-envelope offset frequency (fCEO) of each comb, which was used to
stabilize fCEO to a reference signal at 20 MHz by using an acousto-optic modulator (AOM)

Fig. 1. (a) Ti:sapphire dual-comb system. (b) Probe (blue) and local oscillator (LO, red)
spectra. (c) Top: In-loop power spectral density of the fCEO error signal for the LO, showing
a cumulative phase noise (1 Hz–1 MHz) of 124 mrad. An equivalent measurement for
the probe (not shown) gave a value of 234 mrad. Bottom: Similar in-loop measurement
for the frep error signal of the probe comb, showing a cumulative phase noise of 4 mrad,
corresponding to a timing jitter of 1.2 ps in one second. Equivalent frep performance (not
shown) was recorded for the LO comb.
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inserted into each comb’s pump beam. Coarse adjustment of fCEO was achieved by changing
the insertion of an intracavity wedge (W). The average output powers from the two combs were
900 mW and 500 mW and their optical bandwidths were 18 nm (probe comb) and 15 nm (local
oscillator comb). The system could be maintained in full lock for many hours, with concurrent
operation of both locking loops achieving phase noise in the 1 Hz–1 MHz band of 4 mrad
for frep(both combs) and 124 mrad (234 mrad) for fCEO of the local oscillator (probe) combs.
Representative phase-noise power spectra are shown in Fig. 1(c).

3. Distance metrology

Distance metrology using the comb system was configured as shown in Fig. 2(a), in which pulses

Fig. 2. (a) Dual-comb distance metrology scheme. For some measurements the target
mirror was mounted on a loudspeaker (main image), while for others (inset) it was replaced
with a single static mirror, or by two mirrors after a beam-splitter (see main text). All
beam-splitters are non-polarizing. (b) Example of a dual-comb cross-correlation signal
recorded at 50 kHz (top) and detail (bottom) of one interferogram before (symbols) and after
(solid line) upsampling. The two most prominent interferograms are the target and reference
reflections, while weaker ones are caused by additional reflections from the reference mirror.
The optical time axis is scaled with respect to the lab time axis by ∆frep/frep.

from the probe comb were reflected from a partially transmitting reference optic and from a
subsequent target mirror. For some measurements the target mirror was mounted on a loudspeaker
that provided displacements at frequencies of up to ∼1 kHz (Fig. 2(a), main image), while for
others it was replaced with a static mirror (Fig. 2(a), inset). The target and reference pulses were
combined with the local-oscillator pulses at a beam-splitter before passing through a polarizer,
which balanced their powers and ensured parallel-polarizations. The beams then entered a simple
monochromator comprising a diffraction grating (1800 lines mm−1) and a concave mirror with
a radius of curvature of 1000 mm. A 2-GHz amplified Si photodetector at the focal plane of
the mirror detected the dual-comb cross-correlation signal over a small portion of the pulse
bandwidth. A low-pass filter was used to reject heterodyne frequencies greater than 225 MHz
and to remove modulation at the pulse repetition frequency. By reducing the detection bandwidth
in this way, the combs could be operated with a repetition-frequency difference of many tens of
kHz without aliasing. The effective detection bandwidth was inferred from a measurement made
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at ∆frep = 50 kHz, for which the RF bandwidth occupied by the dual-comb interferogram was
29 MHz, corresponding to a wavelength bandwidth of 0.6 nm. Dual-comb cross-correlations
are depicted in Fig. 2(b), which presents a section of data containing two consecutive pairs of
target-reference interferograms (top) and detail (bottom) showing the signal before (symbols)
and after (solid line) time-domain upsampling. The data collection was clocked and sampled at
frep of the probe laser at a resolution of 16 bits.

With the loudspeaker shown in Fig. 2 replaced by a simple static mirror, we recorded data
with the combs running at repetition-rate differences of up to ∆frep = 130 kHz. The target and
reference interferograms were first upsampled by a factor of 32 then, following the procedure in
[1], independently windowed before being Fourier transformed to extract their phases. Their
spectral phase difference, φ(ω), was computed and a linear fit to this provided the time-of-flight
distance measurement according to:

LTOF =
1
2
·

dφ(ω)
dω

· vg

which was refined by using the interferometric measurement obtained from the intercept, φo,
according to:

Lint =
(φo + 2πm)

4π
· λo

Here, vg and λo are, respectively, the values in air of the pulse group velocity and the carrier
wavelength, obtained using the Ciddor equation [17] and m is an integer.

A summary of the performance obtained for ∆frep values from 40–130 kHz is shown in Table 1.
The best absolute precision and convergence to interferometric performance were obtained when
operating at ∆frep = 50 kHz, and in Fig. 3(a) we show distance measurements obtained at this
sampling rate over an observation time of 250 ms. The Allan deviation for this dataset is shown in
Fig. 3(b), showing that sub-µm time-of-flight precision was obtained in 80 µs, and interferometric
precision (λo/4) in the time-of-flight measurement was reached in 2.56 ms (Fig. 3(b), black
line), allowing a handover to the interferometric measurement at this point. The excellent phase
coherence of the Ti:sapphire combs enables long averaging times, and we were able to continue
to see the precision of the interferometric measurement improve as 1/

√
N for the entire 126-ms

length of this dataset, reaching a precision of 2 nm after 100 ms. At the maximum acquisition rate
of 130 kHz we obtained only slightly poorer performance, with corresponding data presented in
Figs. 3(c) and 3(d) showing a handover to interferometric precision after 7.87 ms and a precision
after 100 ms of 5 nm. Variations in the performance shown in Table 1 can be attributed to certain
combinations of fCEO and ∆frep providing better accuracy due to sampling considerations [18].

Table 1. Metrology performance at sampling rates from 40–130 kHz

∆frep
Averaging time to obtain a precision of:

Interferometric precision after 100 ms
< 1 µm < λ/4

40 kHz 100 µs 3.20 ms 10 nm

50 kHz 80 µs 2.56 ms 2 nm

60 kHz 130 µs 4.27 ms 5 nm

80 kHz 200 µs 6.40 ms 6 nm

100 kHz 80 µs 2.56 ms 10 nm

120 kHz 530 µs 17.0 ms 6 nm

130 kHz 120 µs 7.87 ms 5 nm
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Fig. 3. (a) Data recorded at ∆𝑓 = 50 kHz. (a) 32,766 individual measurements obtained in a 146 
time of 250 ms, and (b) Allan deviation of the same 50-kHz dataset for the time-of-flight (𝐿 , 147 
black) and interferometric (𝐿 , red) distance measurements.  Interferometric measurements in 148 
(a) could be incorporated once the Allan deviation of the time-of-flight measurements was below 149 𝜆 /4 (195 nm), which was possible after an observation time of only 2.56 ms.  Continued 150 
averaging was possible over the entire length of the dataset, yielding an interferometric precision 151 
of 2 nm after 100 ms.  (c) and (d) show equivalent measurements for a dataset recorded at  152 ∆𝑓 = 130 kHz. 153 

4. Dynamic measurements using high sampling rate dual-comb metrology 154 
As well as being able to reach interferometric precision quickly, an important benefit of 155 
operating at high ∆𝑓  values is the ability to make measurements of dynamic mechanical 156 
processes.  To investigate the potential of the system we drove a mirror mounted on a 157 
loudspeaker cone (Fig. 2) with sine waves of frequencies from 100–850 Hz and recorded the 158 
dynamic displacement using the dual-comb system.  In Fig. 4(a) we show an example of one 159 
such digitized signal and the Bode plot constructed from such measurements up to 850 Hz.  The 160 
mass of the mirror caused the speaker response to roll off at frequencies exceeding a few 161 
hundred Hz, with a practical maximum frequency of around 1 kHz.  This cut-off frequency was 162 
still sufficient to allow audio tracks played through the loudspeaker to be digitized using the 163 
dual-comb metrology system.  In Fig. 4(b) we show an example of an original two-second clip 164 
(low-pass filtered at 1400 Hz), and for comparison the corresponding dual-comb recording.  165 
Audio for the two tracks is available within the supplementary materials for the paper.  166 

Fig. 3. (a) Data recorded at ∆frep = 50 kHz. (a) 32,766 individual measurements obtained
in a time of 250 ms, and (b) Allan deviation of the same 50-kHz dataset for the time-of-flight
(LTOF , black) and interferometric (LINT , red) distance measurements. Interferometric
measurements in (a) could be incorporated once the Allan deviation of the time-of-flight
measurements was below λo/4 (195 nm), which was possible after an observation time
of only 2.56 ms. Continued averaging was possible over the entire length of the dataset,
yielding an interferometric precision of 2 nm after 100 ms. (c) and (d) show equivalent
measurements for a dataset recorded at ∆frep = 130 kHz.

4. Dynamic measurements using high sampling rate dual-comb metrology

As well as being able to reach interferometric precision quickly, an important benefit of operating
at high ∆frep values is the ability to make measurements of dynamic mechanical processes. To
investigate the potential of the system we drove a mirror mounted on a loudspeaker cone (Fig. 2)
with sine waves of frequencies from 100–850 Hz and recorded the dynamic displacement using
the dual-comb system. In Fig. 4(a) we show an example of one such digitized signal and the
Bode plot constructed from such measurements up to 850 Hz. The mass of the mirror caused
the speaker response to roll off at frequencies exceeding a few hundred Hz, with a practical
maximum frequency of around 1 kHz. This cut-off frequency was still sufficient to allow audio
tracks played through the loudspeaker to be digitized using the dual-comb metrology system. In
Fig. 4(b) we show an example of an original two-second clip (low-pass filtered at 1400 Hz), and
for comparison the corresponding dual-comb recording. Audio for the two tracks is available
within the supplementary materials for the paper.
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Fig. 4. (a) Bode plot constructed from the displacement of the speaker-mounted mirror, 168 
measured at a 50-kHz sampling rate using the dual-comb metrology system.  The blue curve 169 
models the loudspeaker as a single-pole fit of the load power in an RCL circuit.  Inset: example 170 
of one sine-wave measurement for a drive frequency of 300 Hz.  (b) Original audio track, 171 
prepared by low-pass filtering frequencies below 1400 Hz (top, green) and audio signal 172 
measured using dual-comb metrology (bottom, blue).  The original and dual-comb audio tracks 173 
can each be downloaded as a .wav file from the Supplementary Material. 174 

High-speed dual-comb metrology offers an advantage over cw interferometric methods, 175 
whose limited non-ambiguity ranges are challenged when mechanical motions occur with both 176 
large displacements (≫ 𝜆) and high frequencies.  Such dynamics are difficult to reproduce in a 177 
laser laboratory but, as a simulation of a large and rapid displacement change, we introduced a 178 
beam-splitter into the target arm of our system to provide two separate target reflections at 179 
different distances.  The configuration is illustrated in the inset of Fig. 2(a), which shows how 180 
a chopper blade was oriented so that, for most of its rotation, only one of the two target mirrors 181 
was exposed.  With a blade velocity of around 20 m s-1, the chopper interrupted or exposed the 182 
1-mm-wide target beams in a time of around 50 µs.  The measured data shown in Fig. 5 were 183 
recorded with ∆𝑓 = 100 kHz, and tracking of centimeter-scale distance changes in a time of 184 ≪100 µs can be clearly seen.  The displacement that can be tracked instantaneously is limited 185 
only by the non-ambiguity range, which for our system is 29.2 cm. 186 

Fig. 4. (a) Bode plot constructed from the displacement of the speaker-mounted mirror,
measured at a 50-kHz sampling rate using the dual-comb metrology system. The blue curve
models the loudspeaker as a single-pole fit of the load power in an RCL circuit. Inset:
example of one sine-wave measurement for a drive frequency of 300 Hz. (b) Original audio
track, prepared by low-pass filtering frequencies below 1400 Hz (top, green) and audio
signal measured using dual-comb metrology (bottom, blue). The original and dual-comb
audio tracks can be heard in Visualization 1 and Visualization 2 respectively.

High-speed dual-comb metrology offers an advantage over cw interferometric methods, whose
limited non-ambiguity ranges are challenged when mechanical motions occur with both large
displacements (≫λ) and high frequencies. Such dynamics are difficult to reproduce in a laser
laboratory but, as a simulation of a large and rapid displacement change, we introduced a
beam-splitter into the target arm of our system to provide two separate target reflections at
different distances. The configuration is illustrated in the inset of Fig. 2(a), which shows how a
chopper blade was oriented so that, for most of its rotation, only one of the two target mirrors
was exposed. With a blade velocity of around 20 m s−1, the chopper interrupted or exposed the
1-mm-wide target beams in a time of around 50 µs. The measured data shown in Fig. 5 were
recorded with ∆frep = 100 kHz, and tracking of centimeter-scale distance changes in a time of
≪100 µs can be clearly seen. The displacement that can be tracked instantaneously is limited
only by the non-ambiguity range, which for our system is 29.2 cm.

https://doi.org/10.6084/m9.figshare.16886536
https://doi.org/10.6084/m9.figshare.16886533
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Fig. 5. (a) Recorded positions of the two target reflectors (blue and red), showing metrology
capable of tracking absolute distance changes of ∼1 cm in a time of ≪ 100 µs. The beam
was exposed in a time of ≈50 µs, and for some blade positions, both target mirrors were
simultaneously exposed (b) or blocked (c).

5. Conclusions

The performance obtained by severely bandwidth narrowing the Ti:sapphire dual-combs appears,
at first, to be counter-intuitive. While narrowband detection allows the aliasing-limited value
of ∆frep to be considerably increased, the 0.6-nm effective optical bandwidth corresponds to
pulses with durations of 1.1 ps—a full-width at half-maximum (FWHM) spatial extent of 330
µm—which suggests a lower-precision starting point for time-averaged measurements that might
moderate any advantage of operating at higher sampling rates. However, Ti:sapphire combs are
characterized by low timing jitter (1.2 ps in 1 s for our combs), which has its origins in the laser
resonator [19] and is unaffected by external filtering, so localization of the interferogram can still
be achieved with high precision.

Given the very limited bandwidth utilized by the dual-comb metrology implementation,
spectral-temporal multiplexing could provide a means of scaling the sampling rate to well beyond
1 MHz while preserving the non-ambiguity range. The FWHM comb bandwidths are at least
15 nm, meaning that at least 25 phase-coherent spectral channels are available. Similar to
dual-comb temporal-multiplexing [20], chirping or spectrally delaying the local oscillator pulses
would allow these channels to be sampled at different times on different detectors, achieving the
temporal multiplexing needed to provide an effective increase in the sampling rate. With suitable
processing, signals from these detectors could be readily combined to allow acquisition using a
single instrument.

In conclusion, the narrowband acquisition of dual-comb signals with high coherence offers a
route to high-speed absolute distance measurements that has still to be fully exploited. Extensions
to the technique using spectral-temporal multiplexing would effectively overcome the conventional
aliasing limit by mapping acquisition of discrete spectral bands to specific time-slots in the data
stream, avoiding the corruption of a single interferogram that would otherwise occur.
Funding. Renishaw; Science and Technology Facilities Council (ST/V000403/1); Engineering and Physical Sciences
Research Council (EP/N002547/1).
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