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Abstract

In recent years, with the clarification of the mechanism of the rotational Doppler effect (RDE), there has attracted
extensive attention to its development of applications, especially in the detection of the angular velocity of rotating
objects. On the other hand, optical fiber technology is widely applied in laser velocimetry from beam delivery to
scattered light collection, aiding the miniaturization of instruments. Here we report the first all-fiber rotational Doppler
velocimetry (AF-RDV) with a single probe based on a fabricated mode-sculpted fiber-optic element. The constructed
AF-RDV can be operated in two reciprocal schemes wherein exchanging the illuminating mode and detected mode.
Using this, we experimentally demonstrate the mode-changing dependent nature of the RDE. Particularly, the results
suggest that the rotational Doppler shift can be observed by mode-filtering the scattered signal even with a non-
twisted probe light. We also show the achromatic property of the RDE by scanning the incident wavelength, enabling
the AF-RDV within an ultra-broadband operation range. The AF-RDV exhibits favorable performance for detecting
spinning rough surfaces. It may provide an exciting new practical sensing instrument with significant prospects for
monitoring angular motion in both research and industry.

Introduction wavefronts and appear as doughnut-shaped rings with a

Optical vortices, the intrinsic properties of helically
phased light beams, feature phase singularities that
appear on a perpendicular plane of the beam axis,
resulting in the phase indeterminate’. In general, optical
vortices occur in a light beam with a screw phase dis-
location of the form exp(i€6), where 0 is the azimuthal
angle of the cylindrical coordinates and ¢ is known as
the topological charge®. Since it was recognized in 1992
by Allen et al. that a light beam with such spiral phase
term carries a definite amount of orbital angular
momentum (OAM) of €4 per photon®, where # is the
reduced Plank constant, the extensive and in-depth
research in this field has promoted its rapid develop-
ment*™°, The OAM beams are characterized by helical

Correspondence: Jian Wang (jwang@hust.edu.cn)

'Wuhan National Laboratory for Optoelectronics and School of Optical and
Electronic Information, Huazhong University of Science and Technology,
Wuhan 430074 Hubei, China

“Optics Valley Laboratory, Wuhan 430074 Hubei, China

Full list of author information is available at the end of the article

These authors contributed equally: Zhenyu Wan, Ziyi Tang

© The Author(s) 2025

central intensity null. Another distinct feature of OAM
beams is that the Poynting vector of the light field is
twisted in a tiny inclination with the propagation axis,
i.e., £/kr, where k is the wave number and r is the off-axis
radius’. Particularly, the optical vortices and OAM
beams often refer to the spatial modes in the more
general higher-dimensional structured light and multi-
degrees-of-freedom light®™'°. Light beams carrying
OAM have attracted widespread attention during the
last three decades in optical manipulations''~*%, optical
communications”‘ls, imaginglg_zl, quantum informa-
tion??~2*, and other fields**~>2. For instance, the helical
phase structure of OAM beams has enabled important
applications in optical metrology and sensing’’.
Recently, OAM-based metrology and sensing have been
widely investigated in various application scenarios, such
as detecting shape parameters (e.g., contour or
defect)®*~*’, property parameters (e.g., refraction index
or chirality)**~*°, motion parameters (e.g., rectilinear or

: 41-44 45-47
angular velocity) , and weak measurement™ ", In
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particular, the OAM spectrum is utilized as a powerful
tool there to obtain the parameters of the target.

As well known, the Doppler effect, a universal wave
phenomenon, is presented to explain the shift in the
frequency of a wave caused by relative motion between
the source and the observer. With the study of OAM, a
new type of Doppler effect is proposed to describe the
relationship between rotational motion and frequency
shift of a wave, i.e., rotational Doppler effect (RDE)*®, On
one hand, the RDE shares a common origin with the
conventionally linear counterpart™, and thus its physical
mechanism can be revealed from the perspective of the
photon and wave nature of light respectively, namely
energy transfer or time-varying phase®””'; on the other
hand, considering the crucial role of OAM in the RDE, the
OAM spectrum method is also encountered in the ana-
lysis for this process of OAM-matter interaction®”. In
recent years, the RDE has been widely studied with tre-
mendous progress in both optical vortices and acoustic
vortices”” %, Furthermore, lots of applications to measure
angular velocities of rotating objects based on RDE were
reported after the work by Lavery et al. in 2013°*, Sub-
sequently, the rotational Doppler velocimetry (RDV) is
developed on diverse occasions including surface,
microparticle, and fluid®>~">. The RDV exhibits great
potential as an efficient technique in metrology.

Nevertheless, the currently established RDVs are com-
monly composed by discrete optical elements in a free-
space configuration, which has some nuisances such as
high investment, bulky size, and poor flexibility, resulting
in huge challenges in real engineering applications and
commercial products. As for the conventional laser
Doppler velocimetry (LDV), to improve the integration of
the system, the fiber-based elements are employed to
supersede the discrete free-space devices by far, so as to
develop an all-fiber LDV’®. Inspired by this, the optical
fiber architecture may provide a reliable alternative for
RDV to improve its robustness in practical scenarios. The
optical fiber has become an essential channel for the
communication infrastructure since its invention. Espe-
cially, the optical fiber is considered as a sterling trans-
mission medium supporting the vortex modes’’~"?, which
has been widely applied in mode-division multi-
plexing®”®". In our previous work, it has been demon-
strated that the fiber eigenmode is applicable to motion
information acquiring of a rotating object®”. However,
such a measurement system is still not compact enough
because complex devices are required to manipulate the
light field. Fortunately, there are abundant fiber-based
elements designed to sculpt the optical modes effec-
tively®’. This means that the RDV can be constructed by
an all-fiber configuration, and we call this all-fiber RDV
(AF-RDV), which may be developed into a novel instru-
mentation with promising applications.
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In this work, we propose and construct a compact and
flexible AF-RDV to measure the angular velocity of the
spinning surface. The core element in the AF-RDV, an
ultra-broadband mode-selective coupler (MSC), is fab-
ricated with low insertion loss, acting as a bifurcated
mode gate to implement mode sculpting and filtering.
Different from the previously demonstrated RDV by just
using a single vortex mode or superposed vortices, a
Gaussian mode (non-OAM or zero-order OAM) and
superposed OAM mode are alternated here to illuminate
the surface, showing the similarity of the eventual effect
so that the RDE is recognized to have reciprocal prop-
erty. By means of that, the rotational Doppler shift
exhibits independence of the OAM in the probe light,
and in contrast, its determinant lies in the variation of
OAM during the interaction between the probe light
and spinning surface. Another distinct feature of the
configuration is the single optical front head, which
integrates the probe port and signal collection port to
further reduce the complexity and cost of system. Sig-
nificantly, the achromatic property of the AF-RDV is
experimentally demonstrated through wavelength
scanning over a wide spectrum range. The AF-RDV,
which has a competitive advantage in commercial
applications for its cost-effectiveness and compactness,
may promote the industrial prospects of the RDE theory
in sensing and metrology.

Results
Concept and principle

The RDE describes the phenomenon that a vortex beam
encounters a frequency shift from the spinning or rotating
motion of an object or the field itself. Here we consider a
general case of probe light to illuminate the rotating rough
surface. In cylindrical coordinates, the complex amplitude
of the probe light can be expanded as a Fourier series with
the orthogonal basis of helical harmonics®**’, ie.,
E,(r,¢) = ,E.(r) exp(ing), where E,(r) denotes the
complex amplitude of the harmonic with n-order OAM
mode, 7 is the radial coordinate, and ¢ is the angular
coordinate. A simplification is taken for characterizing the
rough surface which is assumed as a phase-modulated
element with homogeneous reflectivity. This means that
the scattered light by the rough surface would get an
adjusted phase distribution ®(r,¢), compared to the
probe light. Particularly, this phase modification is angu-
lar-dependent, and thus when the rough surface spins at
an angular velocity Q) around its central axis, the azimuthal
angle is modified at time, i.e., ¢ = ¢ — Qt. Based on the
mode expansion method”?, we analyze the RDE induced
by the scattering interaction from the rotating rough
surface. Ignoring the radial difference, the phase modula-
tion of the rotating rough surface can be decomposed into
Fourier expansion form along the angular direction, which
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is similar to the superposition of a series of spiral phase
plates. We can thus express the modulation function of the
rotating rough surface as M(r, ¢) = exp[i®(r, p — Qt)] =
> A (r) exp(ime) exp(—imQt), where A, (r) is the
complex coefficient of the m-order spiral component with
normalization Y, |4,,(r)> =1, and its modulus and
argument parts stand for the weight and initial azimuth,
respectively. The distribution of A,,(r) is related to the
geometric properties of the scatter, such as its roughness
and embossed periodicity with rotationally symmetric
notches. The scattered light can then be written by:

Esg = Ep(r7 ¢) 'M(Va QE) = ZanEn(r)Am

1
(r) expli(m + n)¢p] exp(—imQt) @

One can see that the scattered light contains various
vortex modes and each projected mode has a corre-
sponding rotating Doppler shift depending upon the
angular velocity Q and the modulated mode order m.
Generally, to realize the extraction of Q, a key process in
the RDV is mode sculpting and filtering. For example, a
spatial light modulator (SLM) is commonly employed to
reach this in previous configurations®*. As a more com-
pact solution, it is performed by a fiber element here in
this proposed AF-RDV, i.e., the designed MSC, as shown
in Fig. 1. The MSC is constituted by a single-mode fiber
(SMF) and a multi-mode fiber (MMF) with three occu-
pied ports, where port 1 and port 2 can be interchanged
for launching the source and detecting the signal,
respectively, while port 3 is probe-signal-integrated and
simultaneously illuminates the rough surface and receives
the scattered light. As a result, there would be two
operating ways with different probe light, i.e., superposed
vortices (OAM,;) and Gaussian mode (OAM,), as
follows.

The first scheme is based on the superposed vortices
interacting with a rotating scatter, like normal RDV in
principle, as shown in Fig. 1a. When the Gaussian mode
launched by port 1 is coupled to port 3, the output mode
is sculpted to carry the +1-order OAM. This corresponds
to the n in Eq. (1) taking two values of +1. The optical
speckle scattered by the rough surface contains multiple
modes. After being collected by port 3, the scattered
signal will undergo mode filtering on its way to port 2.
During this process, OAM,; modes will be re-coupled
back to port 1, while loss will mainly occur in the higher-
order modes, so that ideally the detected signal in port 2
will carry a Gaussian mode primarily. The inset of Fig. 1a
shows the simulated profiles of input and/or output
beams at each port. The Gaussian mode selected from the
scattered light means that m + n = 0 in Eq. (1). Thus, the
signal light at port 2 will consist mainly of two harmonics
with the mode order change of —1 and +1 respectively,
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expressed as:

Esig(oam,,—oamy) = E1(r)A-1(r) - exp(iQt)
+E_1(r)As(r) - exp(—iQt)

(2)

There is a frequency difference between the two har-
monics in the complex amplitude of signal light, enabling
a beat frequency that allows the photodetector (PD) to
respond directly. The detected time-varying intensity
signal can be written by:

[(t)Sig(OAMiﬁo,qMo) =h1+1,
+2\ /11,,1171,1 . COS(2Qf + q00>

where I, 1 = |E1(r)A_1(r)]> and I, _, = [E_,(r)A:(r)[*
are the intensity of the two modulated harmonics, ¢, =
arg[E1(r)A_1(r)E*,(r)Aj(r)] is their initial phase differ-
ence, and the radial position is approximated to a
constant value. As a result, the beat frequency of the
detected signal light can be extracted by means of Fourier
analysis as:

|Af|OAMt1—>OAM0 =Q/n (4)

(3)

This means that the beat frequency is positively corre-
lated with the angular velocity when the probe light is
sculpted with superposed OAM and the Gaussian mode is
filtered from scattered light for detection.

Alternatively, another consideration is to use an unusual
probe light with Gaussian mode, as shown in Fig. 1b. The
launched Gaussian mode is transmitted directly from port
2 to port 3 via the MMF. As the probe light carries non-
OAM, the # in Eq. (1) takes single value of 0. Then the
modes in the scattered light are selected to be detected by
the MSC with the simultaneous process of mode filtering
and sculpting. Among the scattered modes, the Gaussian
and higher-order components will return back to port 2
along the MMF and the efficient mode coupling from
MMEF to SMF in the designed MSC occurs within the
1-order mode group. As a result, the Gaussian and higher-
order modes are filtered out, while the t1-order OAM
modes with Doppler shifts are reverse-sculpted into
Gaussian modes to be detected. This means that m + n
may take two values of +1 in Eq. (1). The resultant signal
light at port 1 is expressed as:

Esig(0AMo—0aM.,) = Eo(r)A1(r) - exp(ig) exp(—iQt)
+ Eo(r)A_1(r) - exp(—ig) exp(iQt)

(5)

One can see that this signal light also contains two
harmonics with different rotational Doppler shifts, leading
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Fig. 1 Concept and principle of all-fiber rotational Doppler velocimetry (AF-RDV). a Normal scheme of AF-RDV: the superposed vortices
sculpted by fibers serves as the probe light, and the higher-order modes in the scattered light are filtered out in fibers for detecting the Gaussian
components with rotational Doppler beat frequency. fo,; and f,_ refer to the rotational Doppler shifts with OAM changing from +1 to 0 order,
respectively. b Reciprocal scheme of AF-RDV: the Gaussian mode serves as the probe light, and £1-order OAM modes with rotational Doppler shifts
are selected and reverse-sculpted in fibers into Gaussian modes to be detected. f_; 5 and f; o refer to the rotational Doppler shifts with OAM changing

to an intensity beat signal as:

1(8) sig(0anty—0anm.,) = Lo1 +1To-1
+2y/To1lo—1 - cos(2Qt + ¢,)

where 11 = |Eo(r)A ()’ To_1 = |Eo(r)A_1(r)]>, and
¢, = arg[A;(r)A” ;(r)]. The beat frequency in this detect-
ing scheme is then determined by:

|Af|OAMO—>OAMt1 =Q/n (7)

(6)

Equation (7) indicates that the probe light without
OAM can also induce rotational Doppler shifts once only
specific non-zero OAM components are detected in the
scattered light. This is similar in principle to a recent
demonstration by Zhai et al.°”>. Comparing Egs. (4) and
(7), it is clear that the same relation reveals between the
extracted Doppler beat frequency and the angular velocity
in both cases. In other words, this shows the reciprocal
property of the RDE. This means that the exchange of the
modes in probe light and signal light would lead to the
same rotational Doppler shift, and this further supports
the fact that the RDE is dependent upon the mode
changing rather than the initial or detected modes.
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Moreover, from Egs. (4) and (7), we note that the rota-
tional Doppler shift is independent of the wavelength of
the probe light, which has been demonstrated in Lavery’s
experiments before®®. Hence, the AF-RDV is provided
with an achromatic feature by using a wavelength-
insensitive MSC with an ultra-broadband operating range.

Implementation

In the configuration of AF-RDV, the core element is the
designed MSC, which is fabricated by splicing a standard
SMF and an MMF with effective refractive index match-
ing of desired modes by tapering process (see “Methods”
for details). The experimental setup of AF-RDV is con-
structed by connecting each port of the MSC to each
module, as shown in Fig. 2a. The light source module
employed is a 10-mW tunable laser covering S, C, and L
bands, and the signal processing module includes a PD
and an oscilloscope to capture data and perform Fourier
analysis. The two modules are respectively wired up to
port 1 and port 2 of the MSC, and in particular, corre-
sponding to the two operating schemes in the concept,
the two modules can be exchanged with each other to
launch different probe lights in port 3. Two polarization
controllers (PC) are used to properly adjust the
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Fig. 2 Experimental setup to demonstrate the AF-RDV. a Experimental setup with two operating schemes. The one is normal scheme that the
light source module is connected to port 1 and signal processing module to port 2 (path along with blue arrows). Another is reciprocal scheme that
the two modules are exchanged to connect the two ports (path along with red arrows). PC polarization controller, MSC mode-selective coupler, SMF
single-mode fiber, MMF multi-mode fiber, Col. collimator, PD photodetector. b, ¢ The measured intensity profiles of typical beams at 1550 nm for

each of the two operating schemes

polarization in two fibers to ensure that the MSC is at the
expected operating polarization. The AF-RDV has only a
single probe composed of a collimator (Col.) with inserted
port 3, which can combine the function of probe illumi-
nating and signal collecting, enabling the greatly improved
compactness of the system. The end of the MMF at port 3
is cut slantly to reduce the end reflection, thereby pre-
venting unwanted noise caused by homodyne inter-
ference. The collimator chosen here has a long focal
length to output a larger size of probe beam. The probe
light is collimated and expanded to illuminate the spin-
ning rough surface with normal incidence and center
alignment.

When the probe light is considered to adopt the
superposed vortices, the laser source is connected to port
1 and the PD to port 2. The OAM, mode is then coupled
from the SMF to MMEF, turning into the OAM.; mode
with a petal-shaped profile. The signal scattered by
the spinning rough surface is collected into the MMF by
the collimator, and after mode filtering by the MSC, the
OAM, mode is mainly detected at port 2. The beams
taken at 1550 nm are shown in Fig. 2b. It can be seen that
the signal light exhibits intensity fringes, which are caused
by the interference of the Gaussian mode and some
remaining lower-order modes (for example, mainly the 2-
order), where the Gaussian mode occupies most of the
power and the higher-order components in the scattered
speckle-like signal are notably filtered out through the
tapered region of MSC. The fringes also suggest that

OAM.; modes are rarely there in detected signal light. In
the reciprocal operation, when the probe light is just a
Gaussian mode, the Gaussian beam launched by the laser
source is switched in port 2 and the PD receives the signal
light from port 1. After the scattered light is collected into
port 3, the +1-order OAM modes are selected for reverse-
sculpting back to the Gaussian mode and coupled into the
SMEF for detection. As shown in the beams in Fig. 2c, the
signal light appears as a Gaussian mode with high purity
due to the constraints of boundary conditions in the SMF.
In a sense, the MSC is regarded as a mode bifurcated gate
in the system to perform mode sculpting, filtering and
transmission functions. It allows the correct mode to be
detected on one path and the unwanted mode to be dis-
sipated on the other. This helps to suppress the rotational
Doppler shifts carried by other idle modes in the scattered
signal. As a result, there would be a narrow peak in the
frequency spectrum of the signal light that stands out
from the other peaks and the noise, and the angular
velocity of the spinning rough surface can be deduced
from the peak frequency.

Experimental demonstration on the reciprocal property of
RDE

We first demonstrate the reciprocal property of RDE by
exchanging the illuminating mode and the detected mode.
The spinning rough surface measured here is a piece of
slightly embossed tinfoil attached to a motor. In the
experiment, the laser is tuned at a wavelength of 1550 nm.
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Fig. 3 Experimental demonstration on the reciprocal property of rotational Doppler effect (RDE). a—c The probe light carries superposed
vortices (OAM.) and the Gaussian mode (OAM,) in scattered light is selected to be detected. d—f The probe light carries Gaussian mode (OAM) and
the OAM,; modes in scattered light are selected to be detected. a, d The collected intensity signals and b, e the calculated Fourier frequency spectra
under the rough surface spinning at 40m rad/s. ¢, f The measured beat frequency with an identical linear relation of the angular velocity in both
schemes. The laser is tuned at a wavelength of 1550 nm
|

The received optical power by PD placed at port 2 gets a
loss of about 27 dB compared to the light launched from
port 1, and when the two are exchanged, the loss is about
30 dB. The switchable amplified PD (Thorlabs, PDA50B2)
is set the gain step to 30dB. The typical results are
obtained by setting the rotational speed of the motor to 20
revolutions per second (rps), as shown in Fig. 3a, b, d, e,
where the intensity signals are partly displayed with a total
signal acquisition window of 1s in the time domain,
giving the frequency resolution of 1Hz in fast Fourier
transform (FFT). The relative amplitude in the figures is
given by normalization with 0.9 to the maximum ampli-
tude. In both schemes, the intensity signals show the
similar periodicity, and their Fourier frequency spectra
present the same maximum peak at 40 Hz. From Egs. (4)
and (7), it can be deduced that the angular velocity Q is
measured to be 40w rad/s, which is exactly consistent with
the rotational speed set by the motor.

The rotational speed of the motor is then gradually
adjusted from 10 to 90 rps with a 10 rps interval. It can be
seen that the beat frequencies measured in both schemes
get an identical linear trend of growth, as shown in
Fig. 3¢, f. This means that the RDE is reciprocal, i.e., the
mode exchange between probe light and detected signal
would lead to the same Doppler shift, even if there is a
Gaussian beam without OAM to illuminate the object.
This linear relationship between the beat frequency and
angular velocity is in line with the theoretical predictions,
enabling the detection of rotating scatter. The sensitivity
of the AF-RDV is related to the topological charge of

964 | Light Sci Appl | 2025 | Vol 14 | Issue 4

OAM in the mode sculpting/filtering, where for the mode
carrying +1-order OAM, the sensitivity for angular velo-
city sensing is 1/m Hz/(rad/s). The relative uncertainty of
measurement accuracy is estimated to be 0.35% and 0.20%
respectively for the two cases in Fig. 3¢, f.

Note that in Fig. 3b, e, there are a few idle equidistant
harmonic peaks in the Fourier spectra beyond the domi-
nant Doppler peak. Particularly, the harmonic peaks
correspond to different mode changes between illumina-
tion and detection. They originate from two factors,
including slightly misaligned illumination (i.e., factor # in
Eq. (1)) and other scattered modes in the initial speckle
signal (i.e., factor m in Eq. (1)). On one hand, the spec-
trum of OAM components coaxial with the rotation axis
of the scatter is broadened when the probe light is mis-
aligned with respect to the rotation axis®’. This suggests
that the factor # in Eq. (1) would get some different values
that deviate from the initial on-axis setting, that is, the
misaligned probe beam is composed of some discrete
modes with different #. On the other hand, the geometric
characters of the rough surface would also lead to the
decomposed spiral components of its modulation func-
tion, i.e., the discrete distribution of factor m in Eq. (1).
For the AF-RDV, according to Eq. (1), the value of m + n
denotes the mode order that the scattered light can take,
and the amplified order of the rotational Doppler shift is
determined by the m. As the n and m are expanded into
discrete distributions, it would result in multiple harmo-
nic components of rotational Doppler shift in the scat-
tered mode. Indeed, these regularly discrete peaks do not
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Fig. 4 Measured results for achromatic performance of the AF-RDV under wavelength scanning. a The measured Doppler beat frequency
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under light launching at wavelengths from 1500 to 1620 nm with a 10 nm interval. ¢ The Fourier frequency spectra of the signal light at different
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imply a reduction in the signal-to-noise ratio (SNR) of the
system because they are actually the idle signals rather
than noise, while the source of noise here is mainly shot
noise and thermal noise during weak signal detection.

Achromatic results with wavelength scanning

The achromatic performance of the AF-RDV across an
ultra-broadband wavelength range is experimentally
demonstrated by wavelength scanning of the tunable
laser, as shown in Fig. 4. In the experiment, the tunable
laser is modulated from 1500 and 1620 nm with a 10 nm
interval. The laser is connected to port 1 in Fig. 2a so the
probe light here is superposed vortices. The intensity
profiles of the superposed vortices sculpted by the MSC
under excitation of different wavelengths are presented in
Fig. 4b. The invariant beams indicate that such device has
a favorable broadband performance. Typically, we set the
rotational speed of the rough surface to 50 rps and obtain
the Fourier frequency spectra of the signal light at dif-
ferent wavelengths, as shown in Fig. 4c. It is clear that all
the spectra get their maximum peak at 100 Hz. The
relation between the measured peak frequency and the set
angular velocity satisfies Eq. (4). This demonstrates the
wavelength-insensitive property of the RDE from another
perspective, similar to the observation with white-light
illumination®. Furthermore, we measure the Doppler
beat frequency by varying the rotational speed and tuning
the wavelength respectively, as shown in Fig. 4a. One can
see that, at each wavelength the measured beat frequency

increases with the same linear trend as the increase of
rotational speed (each column), and at each rotational
speed the measured beat frequency remains the same
value for different wavelengths (each row). Each data bar
in Fig. 4a is given by averaging 7 measurements, and the
corresponding error deviating from the theoretical
expectation is shown in Fig. 4d. The maximum error
margin of the AF-RDV within its operating band is esti-
mated to be less than 1.5%, and there is no evident cor-
relation between the error value and the operating
wavelength. This means that the constructed AF-RDV has
excellent achromatic performance. In other words, the
measurement accuracy of the system would not get
impact by factors such as the laser linewidth and tem-
perature drift, and thus, the cost of the system setup and
maintenance could get greatly reduced.

Discussion

Generally, there are two ways to implement the RDV,
for instance, by using superposed two OAM modes with
different topological charges or by setting up an inter-
ferometric system with an extra reference beam. In the
AF-RDV, we adopt a fringe-detected configuration, where
a probe light is simply required and the two vortex modes
with opposite helicity are coaxially transmitted. Therefore,
compared to the homodyne configuration, such technique
is more resistant to the environmental disturbance.
Besides, thanks to the fiber-based elements, the AF-RDV
can be constructed highly compactly, and in particular,
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compared to our previous scheme®®, there is only a single
probe with an MMF, which transmits both the probe light
and the collected scattered light. Recently, the MMF as
micro-endoscopes has attracted much interest in study of
embedded imaging®~"". Similarly, the AF-RDV could be
further developed along this way to enable in vivo sensing
using the human-hair-width fiber probe. For this case, the
collimator could be replaced with a miniature one, the
potential candidates of which could be a microsphere lens
or gradient-index (GRIN) lens glued to the fiber end. On
the other hand, the AF-RDV also has distinct advantages
in engineering and industrial scenarios. For example, it is
promising to be a handheld equipment for motion mon-
itoring, as well as allow remote measurements by
extending the length of MMF. For the conventional laser
sensing techniques with non-contact measurements of
rotational speed” "%, generally, the local linear velocity is
a parameter of direct acquisition and then the angular
velocity is derived. As a comparison, the AF-RDV, with a
direct method of angular velocity measuring, is more
applicable for various targets including both macroscopic
and microscopic objects.

The available range of the AF-RDV for measuring rota-
tional speed is mainly dependent upon the response band-
width of the PD and the mode order sculpted by the MSC.
For example, the PD employed in the experiment is an
amplified detector (Thorlabs, PDA50B2) whose bandwidth
is switched to 22 kHz for suitable gain. Correspondingly, the
maximum detectable rotational speed is 1.1 x 10* rps. The
upper limit of the measurement can be improved by
employing an avalanche photodiode (APD) with typical
MHz-level bandwidth. This means that the AF-RDV is
expected to be used to monitor high-speed rotation in the
study of wind tunnels, detonation waves, and particle phy-
sics. As for the weak motion, the AF-RDV needs to reach
higher frequency resolution at the cost of measuring dura-
tion. This is because the frequency resolution is the inverse
of sampling time, and the detected Doppler shifts are only
twice compared to the rotational frequency due to the
1-order MSC employed. The fast response and measure-
ment precision could be further improved by using higher-
order fiber-based vortex generators. Another technical
improvement of the AF-RDV that needs to be considered is
the quick adjustment for coaxially aligned incidence. The
mechanical manual translation/rotation stages are used to
align the center of incident light and the center of spinning
rough surface in the experiment, but in contrast, the
requirement in practical applications is often non-manual
automatic real-time alignment. A solution to this could be to
realize scanning of the illuminated position with gratings by
tuning the laser wavelength based on the achromatic
property of the AF-RDV.

In summary, we have proposed and developed an AF-
RDV with fiber-based elements for detecting angular
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velocity of the scatters based on the RDE. We have
demonstrated the reciprocal character of the RDE by the
identical Doppler shift extracted from the exchange of
illuminating mode and detected mode. This further sup-
ports the fact that the RDE is related to the mode change
during scattering rather than the initial mode of the probe
light. The MSC, as a crucial element in the demonstra-
tion, takes the advantage of multi-functional operations
including mode sculpting and filtering, which are imple-
mented separately by other light-controlling devices like
the SLM and vortex plates. We have also shown the
achromatic property of the RDE by scanning the incident
wavelength, enabling the AF-RDV within an ultra-
broadband operating range. The observed harmonic
peaks under broadband illumination suggest that the
rotational Doppler shifts carried by different modes can-
not be superimposed on each other, ie., the mode-
changing dependent property of the RDE. From the
physical perspective, the achromatic and mode-changing
dependent properties are the intrinsic nature that distin-
guishes the RDE from its linear counterpart. This facil-
itates the separation of rotational Doppler shifts from the
mixtures with linear Doppler shifts for detecting a more
complex motion (see ref. > for demonstration). With the
goal of practicality, we would also construct a prototype of
AF-RDV using a packaged MSC and other commercial
components. It would be competitive for its cost-effective
and compact advantages. For the application aspects, the
AF-RDV may provide an exciting new practical sensing
instrument for monitoring angular motion, with sig-
nificant prospects in engineering, physics, and life
sciences.

Materials and methods
Principle and fabrication of mode-selective coupler (MSC)
The MSC is designed and fabricated using a standard
SMF (SMF-28) and a conventional MMF (OM3) to enable
mode-sculpting between Gaussian mode and superposed
vortices (OAM.;), as shown in Fig. 5a. For the superposed
vortices with linear polarization, they appear as linearly
polarized (LP) modes in weekly guiding fibers, i.e., LPy; =
OAM,; + OAM_;. The mode-sculpting process of the
MSC is shown in Fig. 5b. When the phase-matching
condition is satisfied, the fundamental mode HE;; in the
SMF would excite two degenerate vector modes HES%
and TMy; in the MMEF. Particularly, different mode bases
can be converted to each other in waveguides, such as the
relation between vector modes and LP modes, TMq; +
HEY = LP},,. As a result, a y-polarized LP;; mode is
synthesized by the superposition of two vector modes in
MME. According to the mode-coupling theory, the phase-
matching condition here means that the fundamental
mode in SMF matches the effective refractive index (#.¢) of
the corresponding higher-order mode in MMF. The n.¢ of
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different modes in SMF (HE;;) and MMF (HE,;, TE,,
HE,; and TMy,) as a function of the radius of fiber is cal-
culated, as shown in Fig. 5c. This suggests that the n. of
each mode decreases with the decreasing fiber radius in the
tapering process. To reach the n.¢ -matching, the radius of
SMEF needs to be reduced first by the pre-tapering process,
followed by twisting it with MMF together and then per-
forming fused-tapering process. Through the coincidence
of neg curves, the HE;; mode in SMF is effectively coupled
into the MMF as degenerate modes HE,; and TMy;, while
the TEq; mode is less excited due to a n.¢ difference greater
than 10™%, as shown in zoom-in details of Fig. 5c. Conse-
quently, for the MSC, the superposed vortices would out-
put from MMF when a Gaussian mode is launched into
SME, and conversely, it is also feasible for the reversed
input and output. The insertion loss of the fabricated MSC
for mode-sculpting is around 3 dB.
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