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Abstract: We present a dual-comb interferometer capable of measuring both the range to a
target as well as the target’s transverse rotation rate. Measurement of the transverse rotation of the
target is achieved by preparing the probe comb with orbital angular momentum and measuring the
resultant phase shift between interferograms, which arises from the rotational Doppler shift. The
distance to the target is measured simultaneously by measuring the time-of-flight delay between
the target and reference interferogram centerbursts. With 40 ms of averaging, we measure rotation
rates up to 313 Hz with a precision reaching 1 Hz. Distances are measured with an ambiguity
range of 75 cm and with a precision of 5.9 µm for rotating targets and 400 nm for a static target.
This is the first dual-comb ranging system capable of measuring transverse rotation of a target.
This technique has many potential terrestrial and space-based applications for lidar and remote
sensing systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser remote sensing, especially light detection and ranging (lidar) technologies are becoming
increasingly widespread due to their ability to precisely measure distance and velocity. These
technologies are enabling diverse applications in identifying and tracking remote targets for
navigation, metrology, atmospheric and Earth sciences, and medicine and biological measurements
[1–9]. Continuous wave interferometry can provide measurements with sub-nanometer precision
for applications requiring extremely precise measurements of changes in distance, such as
metrology, intersatellite ranging, or even detecting gravitational waves [4,10,11]. However,
these systems only measure relative changes in distance of up to half the optical wavelength. In
contrast, pulsed and frequency-modulated lidars can measure distances on the scale of meters
or kilometers for applications that require a more modest resolution down to tens of microns
[6,7,12,13]. While these traditional techniques typically compromise either resolution or range,
dual-comb interferometry offers a method to achieve sub-micron precision with a long ambiguity
range simultaneously [14–17]. This technique, known as dual-comb ranging (DCR), uses a
pair of mutually coherent optical frequency combs with slightly different repetition rates. The
signal comb interrogates the target then interferes with the local oscillator comb; this employs
linear optical sampling to down-convert the interference signal from the optical domain to the
radio-frequency domain to produce a cross-correlation signal with effective time-steps of less
than 1 ps [14,18–20]. With minimal averaging time (10 ms), these systems can provide absolute
measurements of kilometer-scale distances to a precision of less than 10 nm [15,16]. The
combination of both high precision and a long ambiguity range has led to proposals of applying
DCR to inter-satellite ranging [14], large-scale manufacturing [14,19], and other 3-dimensional
imaging and lidar applications [18–20]. Recent advances have increased the robustness and

#457238 https://doi.org/10.1364/OE.457238
Journal © 2022 Received 27 Feb 2022; revised 19 Apr 2022; accepted 6 May 2022; published 31 May 2022

https://orcid.org/0000-0002-1632-8233
https://orcid.org/0000-0001-5832-3249
https://orcid.org/0000-0003-2387-5371
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.457238&amp;domain=pdf&amp;date_stamp=2022-05-31


Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21196

practicality of DCR by enabling measurements of non-cooperative (scattering) targets [21],
reducing the ranging sensitivity to variations in the air’s refractive index [22], lowering the high
data burdens and increasing the acquisition rates [23], and enabling a compact form factor with
micro-resonator based frequency combs for DCR [24].

Ranging techniques offer several solutions to measuring the distance and longitudinal velocity
of a target; however, many targets have additional degrees of freedom, such as rotation, which
must also be measured to fully characterize the system. For instance, satellite tracking systems
use combinations of lidar for longitudinal rotation and position measurements supplemented with
imaging with computer vision to track spin-stabilized satellites and tumbling space debris in order
to track their orientation, calculate the evolution of their orbits to avoid collisions and provide
course corrections, and to help eliminate space debris [12,25–28]. In terrestrial applications, the
range and rotation rate can be measured to help identify projectiles and predict their trajectories
[29]. On a smaller scale, ranging and rotation measurements may be used to study turbulent
fluids for applications such as combustion or biological systems [30,31]. Currently, measuring
a target’s transverse rotation in addition to its range requires either making multiple lateral
measurements and calculation of the solid body rotation [5,12,32], or the addition of a second
separate measurement modality [33,9]. Here, we demonstrate a novel dual-comb ranging system
which simultaneously measures the distance to the target and the transverse rotation of the target
by measuring the rotational Doppler shift.

Analogous to the more familiar linear Doppler shift which is proportional to a target’s
longitudinal velocity, the rotational Doppler shift (RDS) describes the frequency shift arising
from a relative rotation transverse to the light beam and is proportional to the change in the
orbital angular momentum (OAM) of the light [34,35]. OAM in light is characterized by helical
wavefronts, described by phase eiℓφ, where ℓ is the topological charge and ϕ is the azimuthal
angle [36]. For a change of ∆ℓℏ in the OAM of light scattered from a target rotating with angular
frequency of Ω, the rotational Doppler shift ∆ω is given by Eq. (1) [35,37]:

∆ω = ∆ℓΩ (1)

The rotational Doppler shift has been proposed for measuring rotation and vorticity in fluids
[38–41], astronomical bodies [42], rotational vibrations [43], very slowly rotating objects [44,45],
and remote rotating objects [46]. Additionally, extensions of the RDS to measure other transverse
motion trajectories have been proposed by further adapting spatial phase profiles of the structured
light [47,48]. In 2014, a system was demonstrated to measure both rotational velocity and
longitudinal velocity by switching between Gaussian and OAM illumination [9]; however, this
technique only measured motion without ranging. Our dual-comb interferometer measures both
range and rotation simultaneously with a single illumination mode.

We present the operating principle in Sec. 2, followed by the details of our experimental setup
in Sec. 3. The results of measuring the range and rotation of the target are presented in Sec. 4.
Finally, in Sec. 5 we conclude with a discussion of strategies to further improve the precision
and extend the limits of our system.

2. Theoretical framework

A dual-comb ranging interferometer uses two coherent frequency combs with repetition rates fr1
and fr2, with a difference in repetition rates of ∆frep. The signal comb is sent through a Michelson
interferometer, sampling a reference mirror in one arm and the target in the second arm, as seen
in Fig. 1 [14]. The returned signal is heterodyned with the local oscillator (LO) comb on a
photodetector to produce an interferogram, the optical cross-correlation of the two pulse trains,
by linear optical sampling [14,18,20,49]. The resulting interferogram (Fig. 2) consists of two
centerbursts (or envelopes of interference fringes), corresponding to the reference and target
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reflections. The interferograms have an update period of τ and have N measurement points
separated by an effective time step of δt, as described in Eq. (2) [20].

τ = 1/∆frep (2a)

δt =
∆frep

fr1fr2
(2b)

N =
fr1

∆frep
(2c)

Fig. 1. Generalized schematic of dual-comb ranging interferometer (without rotation
sensing). Comb 1 emits the probe pulse train, which is split between the reference and
target arms. The reflected light returns to the beamsplitter and combines with comb 2 on the
detector. The optical bandpass filter in comb 2 is used to reduce the comb bandwidth to
achieve Nyquist sampling.

Fig. 2. Example interferogram signal from dual-comb interferometer. Two full interferogram
periods are shown, with the reference (Ref.) and target centerbursts. Inset shows zoomed in
example of interference fringes within the reference centerburst. The distance between the
centers of the reference and target envelopes gives the range information, 0.417784 m with
an uncertainty of 5 µm in this example.

When an interferogram is recorded, the following procedure is used to measure the distance
between the reference and target. The magnitude of the Hilbert transformed interferogram



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21198

removes the carrier frequency and leaves only the envelope of the signal. A series of Gaussians
are fit to the remaining centerburst envelopes to find the centers of the reference and target peaks.
The distance between the reference and target objects is then measured as the effective time delay
of the respective centerbursts in the interferogram [16,17]. This effective time delay ∆t may be
simply converted to a distance as in Eq. (3), where the factor of two accounts for the round trip
path length and vg is the group velocity of the optical pulse which was approximated here as the
speed of light, c.

d =
vg∆t

2
(3)

The interferogram period and effective time step may likewise be converted to the maximum
measurable distance, or ambiguity range R, and the effective distance step δz (Eq. (4)).

R =
vg

2fr1
(4a)

δz =
vgδt

2
=

vg∆frep

2f 2
r

(4b)

This provides a coarse time of flight measurement on the order several microns for a single
shot measurement, and this precision may be enhanced through averaging multiple measurements
[14,16,17]. We note that in some applications, the precision of dual comb ranging measurements
is further enhanced by utilizing the optical carrier phase [14–16]; however, the carrier phase in
our system is instead used for measuring the transverse rotation of the target.

Measurement of the transverse rotation of the target is achieved by utilizing the rotational
Doppler shift. Prior to the target, the signal comb is prepared with ℓℏ of OAM. The light is then
launched to a rotating target, aligned to the rotation axis of the target. The target is designed
with particular topological charges in order to impart a torque of -2 ℓℏ to the reflected light.
Note that light may be returned in many OAM modes, but as discussed in Sec. 3, our system
is mode-selective and measures only light scattered into the −ℓ mode. Therefore, a variety of
different targets may be used [50,51], including a retroreflector [52], one or more scattering
particles [9,53], a randomly scattering surface [37], a petal or clover-shaped target [46], or an
OAM-based hologram [54]. When the signal pulse returns from the target, the −ℓ mode is
converted back to ℓ = 0 via a forked grating and coupled into single mode fiber so it can interfere
with the LO. The carrier phase of the target signal is obtained from the phase of the Hilbert
transform of the interferogram, so that the phase shift ∆ϕ between consecutive interferograms
can be measured. The phase shift between interferograms is proportional to both change in
distance ∆z and transverse rotation rate, frotate, as shown in Eq. (5), where τ is the interferogram
period calculated from Eq. (2a).

∆ϕ = 2π
(︃
2n∆z
λ
+ ∆ℓfrotateτ

)︃
(mod 2π) (5)

We assume the distance to the target does not change over the course of the measurement, so
any change in the carrier phase between consecutive interferograms may be attributed to the
rotational Doppler shift. The phase shift between interferograms, wrapped between -π and π, is
used to calculate the rotational frequency of the target.

frotate =
∆ϕ

2πτ∆ℓ
(6)

To achieve Nyquist sampling limits and properly sample the full signal envelope, the optical
bandwidth of the comb pulses ∆ν must be filtered ensuring that the effective time steps are much
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less than the pulse width [17,55].

∆ν<
1

2δt
=

fr1fr2
2∆frep

(7)

While this first condition is the minimum sampling requirement for any dual comb interferometry
measurement, a second more restrictive requirement is needed in order to process the data with a
Hilbert transform (or other data processing techniques). It is necessary to further restrict the pulse
bandwidth or adjust the effective time steps by modifying the combs’ repetition rates to ensure
that there are at minimum two complete fringes within the coherence length in order for the
Hilbert transform to successfully measure the phase of the carrier [17,56,57]. An alternative, less
restrictive approach would be to use in-phase/quadrature (IQ) detection to relax this constraint
[17,57]; however, IQ detection requires a more complex optical design and calibration as well as
at least one additional detector [57–59].

Due to the cyclic nature of phase measurements, there exists a maximum rotation rate for
which the rotation can be measured without aliasing. This will be referred to here as the rotation
ambiguity limit and is described as:

−
1

2τ∆ℓ
<frotate<

1
2τ∆ℓ

(8)

If the rotation ambiguity limit is too restrictive to measure the desired rotation rate and it is not
possible to sufficiently adjust τ, the Chinese remainder theorem (CRT) may be used to further
extend the ambiguity limit as described below [60–62]. Due to phase wrapping, measuring a
rotation rate f̂ which is greater than the rotation ambiguity limit results in a directly calculated
rotation rate f ′ modulo 1/(τ∆ℓ), as

f ′ =
∆ϕ
2π

(︃
1
τ∆ℓ

)︃
≡ f̂

(︃
mod

1
τ∆ℓ

)︃
(9)

The ambiguity may be resolved by making K measurements with different OAM states (and/or
different τ), and solving the following system of Diophantine equations [61], (however, this does
require a priori knowledge of the direction of rotation).

f̂ = mi

(︃
1
τi∆ℓi

)︃
+ f

′

i , i = 1, 2, . . . , K (10a)

where 0 ≤ mi ≤ f̂max × (τi∆ℓi) (10b)

The maximum rotation rate, f̂max, which may be measured with CRT is the least common multiple
of all τ∆ℓi. For simplicity, the maximum likelihood (ML) method is implemented to solve the
set of equations, searching all possible combinations of mi to minimize the variance of the K
calculated rotation rates, f̂i[61]. The ML estimation is the mean of all resulting f̂i. A simple
demonstration of the CRT is implemented here as a proof of concept, but more work is likely
required to better optimize its application to this measurement.

3. Experimental setup

The lasers used here are erbium-doped all-polarization-maintaining fiber frequency combs with
a linear-cavity design and a semiconductor saturable absorber mirror (SESAM) to achieve
passive mode-locking [63,64]. The combs are centered at ∼1560 nm with repetition rates of
approximately 200.013 MHz, and a difference in repetition rates ∆frep of 626.7 Hz. Note that
the repetition rates could be further optimized to improve ranging accuracy [56], to adjust the
ambiguity range [14], or to adjust the rotation ambiguity limit. The carrier envelope offset
frequency of each comb is locked via a standard f-2f method, and the repetition rates are stabilized
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through a phase lock of a single tooth from each comb to a stable, narrow linewidth continuous
wave laser [65,66]. The optical spectra of both lasers are initially filtered with a 40 nm bandpass
filters centered at 1550 nm; however, the optical bandwidth of the local oscillator comb is further
reduced with a 0.55 nm bandpass filter at 1550 nm to meet the sampling requirements previously
discussed (Fig. 3). Following these filters, the signal comb has a power of 17.65 dBm, and the
local oscillator comb has a power of −10.30 dBm.

Fig. 3. Optical spectra of signal comb and local oscillator (LO) comb. While both lasers are
initially filtered with a 40 nm bandpass filter, the local oscillator comb is further filtered by a
tunable optical bandpass filter at 1550 nm, as shown in yellow to achieve Nyquist sampling
and reduce the effects of dispersion.

The ∆frep of the combs sets the rotation ambiguity limit corresponding to each measured ∆ℓ
(Eq. (8)); Fig. 4 illustrates this restriction. As can be seen, smaller OAM values allow for the
measurement of faster rotation rates, while measurements with large OAM values are limited to
measuring slower rotation rates. Note that ∆ℓ must be a non-zero integer because OAM states
are discrete integers, and a ∆ℓ of 0 would not result in a rotational Doppler shift (as seen by
Eq. (1)). For each measured dataset in this paper (except the data for the Chinese remainder
theorem which extends this rotation ambiguity limit through signal processing), care is taken to
keep the true rotation rate below this limit to allow for an accurate calculation of the rotation.

Fig. 4. Rotation ambiguity limit versus the change in OAM used for detection. This plot is
calculated from Eq. (8). Note that using smaller OAM values allow for measuring faster
rotation rates, and larger OAM is limited to measuring slower rotation rates.

The experimental schematic for the dual-comb range and rotation sensing interferometer
is shown in Fig. 5. The primary change in this interferometer compared to the generic dual-
comb ranging interferometer of Fig. 1 is the generation of OAM in the probe arm, as will be
described below. One additional change is an attenuator is added to the reference arm in order to
approximately match the returned power from the reference and probe arms.
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Fig. 5. Experimental schematic of dual-comb ranging and rotation sensing interferometer.
Comb 1 emits the probe pulse train, which is split between the reference and target arms.
In the target arm, a spatial light modulator (SLM) prepares the probe in an orbital angular
momentum (OAM) mode of +ℓ using a forked grating. A telescope is used to spatially filters
the beam to select the proper diffracted mode from the SLM, and the probe is launched
to the target. The backscattered light from the target returns to the SLM where its OAM
state is again incremented by +ℓ and the probe is coupled into single mode fiber where it is
combined with comb 2 on the balanced detector.

In the probe arm of the interferometer, the probe beam is first prepared with OAM using a
spatial light modulator (SLM, Meadowlark Optics), using a forked grating of order ℓ which
generates a hypergeometric gaussian (HyGG) beam of ℓℏ OAM in the first diffracted mode. A
spatial filter is used to select the desired diffracted mode, which is then sent to the target. Light
backscattered from the target returns to the forked grating on the SLM, which will again add ℓℏ
of OAM to the light before the light is coupled in single mode fiber (SMF). This alignment is
achieved by aligning the detection optics to the launch optics. Because light with nonzero OAM
does not couple into SMF, the SLM and fiber acts as a modal filter for ℓ = 0 on the returning
light, ensuring that any measured light must have been converted from a +ℓ OAM state to a −ℓ
state by the target. This ensures only a single rotational Doppler shift harmonic is measured [34].
Additionally, this optical geometry dictates that the measured ∆ℓ will always be -2ℓ. Following
this modal filtering step, the signal comb is combined with the reference in a 50:50 splitter and
measured on a 100 MHz balanced detector (Koheron PD100B). The signal from the detector is
low pass filtered (Mini-Circuits SLP-50+, DC-48 MHz) and recorded with a data acquisition
system (National Instruments 7965 FPGA and 5761 Digitizer).

The rotating target for this proof of concept was simulated using an SLM in order to eliminate
the mechanical vibrations from physically rotating a target, which can introduce ambiguity into
the measurements (see Eq. (5)). The SLM displays a blazed grating in Littrow configuration so
that the probe is reflected back to the detector, and a structured target is added to this grating. A
desired target phase and amplitude can be achieved by first adding the desired phase to the blazed
grating; the desired amplitude modulation can be achieved by modulating the depth of the phase
profile of the grating [67]. In order to simulate rotation, the target on the SLM is rotated while
the blazed grating remains stationary [41]. Because the SLM refresh rate is much slower than the
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interferogram refresh rate of τ, a “stop motion” scheme is used in which each SLM frame is
advanced 2πfrotateτ radians and is measured with a single interferogram, frame-by-frame.

One example target we desired to simulate was a retroreflector, as such a reflector imparts a
torque of −2ℓℏ to incident OAM modes as required [52]. To simplify representing a retroreflector
with an SLM, this target was simulated functionally by using a forked grating of −2ℓ for an
incident mode of ℓ. Other targets are also used, such as a spoke pattern demonstrating an
amplitude only target, or a target consisting of the sum of several forked gratings; the specific
targets used are shown in the following section.

4. Results

As described above, the rotation rates of a several different spinning targets were measured
using various incident OAM states ℓ, corresponding to ∆ℓ = −2ℓ due to the optical geometry as
explained above. For consistency, each measurement uses 40 ms of averaging, corresponding
to 25 interferograms at a ∆frep of 626.7 Hz. This averaging time is comparable to that used in
other dual-comb ranging experiments [14,16,17]. The position and rotation rate of the target is
calculated for all measured interferograms.

Fig. 6. (A) Measured rotation vs true rotation rate using forked grating as target, with
residual error shown in (D). Error bars are standard error of the mean for 25 interferograms,
with a mean uncertainty of 3.5, 2.5, and 1 Hz for ∆ℓ of −6, −8, and −20, respectively. (B)
Example of single frame of rotating forked grating for ∆ℓ = 8; inset shows spiral phase which
was add to the stationary blazed grating. Grating period increased here for visualization. (C)
Second frame of rotating target.

We first demonstrate rotation measurements using a forked grating target (Fig. 6). The
position of the targets remained the same for all of these rotation conditions, and was consistently
measured in the interferograms as approximately 0.417770 m. The accuracy of the ranging
measurements will be discussed at the end of this section. Both negative and positive rotation
rates are well predicted, with average uncertainties of 3.5, 2.5 and 1 Hz for ∆ℓ of −6, −8, and
−20, respectively. While all measurements accurately measure the rotation, it is worth noting
that measurements using higher OAM values result in better precision. This higher precision
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arises because equal levels of phase noise are scaled down by a factor of 1/∆ℓ when converting
the phase measurement to a rotation rate. This scaling rule is plotted in Fig. 7. The average
phase noise of these measurements was used to calculate the expected precision in measuring the
rotation rate. The mean uncertainty from each rotation dataset presented in this paper was then
plotted, which shows good agreement with the calculated trend for expected precision. While
the highest measured precision for the target’s rotation rate is 1 Hz, Fig. 7 demonstrates that
increasing the OAM of the probe continues to improve the precision.

Fig. 7. Precision vs change in OAM ∆ℓ used for detection. The expected precision is
calculated based on the mean phase noise measured in all rotation datasets. The mean
precision values are the average precision of the rotation measurement for each rotation
dataset presented. The precision for all datasets is calculated as the standard error of the
mean calculated rotation rate using 25 interferograms.

Additional rotation measurements were made using different types of targets, as shown in
Fig. 8. Despite these new targets having a greater distribution of topological charges and
thus scattering light into a broader set of OAM modes, there is no degradation in the rotation
measurement precision. A target consisting of rotating spokes demonstrated measurement using
an amplitude-only target. Additionally, a target composed of the sum of topological charges ℓ = 6,
8, and −10 spiral phase patterns was measured using incident illumination first of ℓ of 3, followed
by ℓ of −5. These measurements demonstrate that a generalized target with several topological
charges may be used without degradation of the measurement; different OAM illumination states
do not require unique targets.

Next, the Chinese remainder theorem is demonstrated in measuring targets rotating faster than
the rotation ambiguity rate. Consecutive measurements of a rotating target are made with OAM
illumination ℓ of 3, 4, and 5. For these OAM states, the highest ambiguity rate is 52.2 Hz, and
the target is set to spin at rates of 125, 200, and 245 Hz. As seen in Fig. 9, these rotation rates
were all measured accurately with a mean uncertainty of 2.7 Hz.

To verify the accuracy of the ranging measurement, the reference mirror was translated on a
linear stage to systematically increment the distance between the reference and target (Fig. 10).
Measurements of both rotation and range are made at discrete steps of the translation stage
at 0, 3, 6, and 9 cm. All measurements used a ∆ℓ of 8. Although the full ambiguity range,
as given by Eq. (4a), allows 75 cm of displacement, we were limited here by the travel of the
stage. Because the translation stage provides only a known increment to the range rather than an
absolute measurement, the distance here is reported as a displacement relative to the estimated
start point. To account for measurement uncertainty, the start point was calculated by fitting the
measured displacement data. For all distances measured, the rotation was correctly measured
with a mean precision of 1.8 Hz, which is in good agreement with the rotation measurements



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21204

Fig. 8. (A) Measured rotation vs true rotation rate using a variety of rotating targets with
multiple topological charges, with residual error plotted in (D). Error bars: standard error of
the mean from 25 measured interferograms. Mean uncertainty is 2.5, 3.2, and 1.4 Hz for
∆ℓ of −8, −6, and 10 respectively. Pink crosses used rotating spokes pattern shown in (B).
Summed spiral pattern in (C) used for both the cyan and orange measurements.

Fig. 9. (A) Measured rotation rates using the Chinese remainder theorem (CRT) vs the true
rotation rate, with residual error plotted in (B). This enables a significant increase in the
maximum measurable rotation rate. Each rotation rate was measured three times, using
∆ℓ of 6, 8, and 10. Error bars: standard error of the mean of the CRT predicted rate from
each ∆ℓ measurement, average uncertainty of 2.7 Hz. Gray line represents expected rotation
values.
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presented above. As can be seen in Fig. 10, the range measurements for the rotating targets have
greater variances, with an average standard error of the mean of 5.9 µm for the rotating targets
and 400 nm for the 0 Hz targets. The higher uncertainty for a rotating target may be due to a
combination of possible factors, including unintentional axial target motion due to out of plane
rotation arising from potential misalignment between the rotation axis and the measurement axis,
other misalignment issues either with the probe or detection optics, possible imperfections in the
illumination beam, or even spatiotemporal tilt on the probe due unintentional effects from the
gratings on the SLM. Regardless of the difference in precision, both the rotating and static targets
accurately measure the expected incremented distance, and minor discrepancies in distance may
also be attributed to the translation stage which has a specified precision of only 3.25 µm.

Fig. 10. Measured displacement versus true displacement from linear stage (A) and
measurement residuals (B). Error bars: standard error of the mean for 25 interferograms.
True displacement has uncertainty of ±3.25 µm of error as given by linear stage specifications.
Because displacement is relative, the zero point is set by calculating the best fit line to the
measured displacement, then subtracting the y-intercept of this line (9.984 mm) from all the
data. (C) Rotation measurements for each target at each distance plotted vs the true rotation
rate. Measurement of rotation rate maintained the same level of precision as in previous
measurements. All measurements made with ∆ℓ of 8.
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5. Discussion and conclusions

The data above demonstrate the ability of this dual-comb interferometer to measure both range and
transverse rotation. One remaining technical challenge is to reduce the rotation measurement’s
high sensitivity to longitudinal motion, as described in Eq. (5). While a steady linear motion
could potentially be measured and calibrated out, any longitudinal vibrations or changes in
velocity would still significantly degrade any rotation measurements. One potential solution
would be to measure the target simultaneously with two different OAM modes in orthogonal
polarizations. Longitudinal motion would result in the same phase shift in both measurements,
but transverse rotation would result in scaled phase shifts proportional to the OAM used. Thus,
comparing the phase shifts in the two measurements would allow for the separation of linear and
rotational components of the phase shifts. Implementation of such a system would then allow for
the measurement of real-world targets. The rotation precision in this approach would also likely
improve proportionally as the ranging uncertainty is reduced.

In conjunction to the design proposed above, a number of other design modifications may
further improve ranging and rotation measurement precision. Somewhat trivially, Fig. 7 illustrates
that further increasing the OAM in the probe would continue to improve the rotation measurement
precision beyond the observed value of 1 Hz. For another straightforward improvement, a wider
pulse bandwidth would provide a more narrow pulse envelope and thus decrease the uncertainty
in the distance measurements; however, the bandwidth is ultimately constrained by sampling
requirements as discussed previously [14]. The more restrictive bandwidth requirements, arising
from the measurement of the phase with the Hilbert transform, may be relaxed if the phase is
instead measured via IQ detection [17,57]. Additionally, two separated optical bands in the pulse
may be used for synthetic wavelength interferometry to significantly improve the single-shot
ranging precision [16]. Finally, the ranging and rotation measurements could further improve by
minimizing the dual comb laser phase noise and timing jitter. The frequency combs used here
exhibit moderate phase noise (typical values: 3 fs timing jitter, 3 rad and 0.23 rad integrated
phase noise from 5MHz to 1 Hz for the carrier envelope offset frequency and optical heterodyne
frequency, respectively [63]). A number of approaches for reducing phase noise have been
proposed [68–72], and intrinsically lower phase noise comb sources exist [73–75].

While the Chinese remainder theorem was successfully demonstrated, the current experimental
design is limited to a maximum rotation rate of 1/(2τ), regardless of the OAM states used.
In our experiment, this limit is approximately 313 Hz. This limit arises because all rotation
measurements here implement a ∆ℓ of −2ℓincident, and all the measurements are scaled by the
same 1/τ. An optimal system would allow for changing the interferogram period τ by using a
tunable repetition rate [15], and would split the optical path to use a unique modal filter on the
detection path to allow measurement of arbitrary ∆ℓ. This would allow the realization of the full
potential of the CRT by allowing the use of truly coprime scaling factors to be implemented.

In conclusion, this OAM-based dual comb interferometer uses time of flight and the rotational
Doppler shift to measure both distance to a target and transverse rotation rate. With an averaging
time of 40 ms, a target’s rotation rate was measured with a precision reaching 1 Hz. The
concurrently measured distance has a precision of approximately 5.9 µm for a rotating target,
and 400 nm for a static target. We also demonstrate the application of the Chinese remainder
theorem to further extend the maximum measurable non-ambiguous rotation rate. The principles
of this rotation-sensing dual-comb interferometer may be applied to lidar systems in diverse
terrestrial and space-based applications, such as tracking the position and orientation of satellites
or other remote objects, or even measuring particles or micro-organisms within a turbulent
fluid. Additionally, the rotation sensing principles demonstrated in this dual-comb interferometer
may be further applied to other types of lidar or ranging systems, or even optical coherence
tomography systems; and modifications to the probe’s phase structure may allow sensing of
arbitrary transverse motion in addition to rotation.
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