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Rotating Velocimetry Based Upon Rotational
Doppler Effect of Perfect Laguerre–Gaussian

Light Modes
Yanxiang Zhang , Zijing Zhang , Zhongquan Nie , and Yuan Zhao

Abstract— Laser Doppler rotational velocimetry has emerged
as a pivotal technology for astronomical survey and remote
sensing. While high-order optical vortices are commonly used
for accurate rotating velocimetry, their large annular radii can
pose a challenge when detecting a small cross-sectional rotator
directly. Here, we overcome this limitation by exploiting perfect
Laguerre–Gaussian (PLG) light modes carrying orbital angular
momentum, based upon the rotational Doppler effect. In this
situation, the beating frequency signals can be observed as well,
regardless of the rotator being exposed to the symmetrically or
asymmetrically superposed PLG light modes, thus revealing the
linked rotating velocity. What is more, a direct proof-of-principle
experiment is conducted to validate the performance of the
velocimetry system. It shows that ±15-order modes provide the
optimal sensitivity of detecting rotating velocity, corresponding
to a relative uncertainty of below 0.48%. In contrast to the
existing techniques, our rotating velocimetry platform not only
enables small target detection, but also offers a tunable flexibility
together with a higher velocimetry accuracy. Hence, this indicates
the generation of a high-accuracy rotating velocimetry pathway
by resorting to the perfect structured vortex light modes. Such
validated findings might be useful for practical optical metrology
and remote sensing scenarios.

Index Terms— Detection accuracy, orbital angular momen-
tum (OAM), perfect Laguerre–Gaussian (PLG) light, rotational
velocimetry.

I. INTRODUCTION

THE ever-growing demands of higher sensitivity and accu-
racy in laser remote sensing systems require the optimiza-

tion of metrological signals to achieve the highest possible
signal-to-noise ratio (SNR) or the lowest permissible error [1].
Driven by its applicability, the classical linear Doppler effect
has aroused considerable attentions in the fields of optics,
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electronics, and magnetism [2], [3], [4], thus giving rise to
widespread developments and practical applications on fluid
aerodynamics as well as object monitoring and control [5], [6],
etc. However, such traditional nonrelativistic Doppler protocol
restricts the direct observable velocity to only the longitudinal
velocity component. To tackle this restriction, researchers have
demonstrated the feasibility of exploiting the orbital-angular-
momentum (OAM)-dependent rotational Doppler effect to
measure transverse rotating velocity, which has not only
breathed a new life into the area of the laser velocimetry,
but also refreshed our understanding of real-world remote
detection scenarios [7], [8], [9], [10], [11], [12], [13]. Up until
now, a myriad of rotating velocimetry schemes based on
the optical rotational Doppler effect has been developed.
These embraces emit various OAM-carrying structured light
modes to validate the relation between rotational Doppler shift
(RDS) and rotating velocity [14], [15], [16], analyzing relative
deviation cases of the rotary shaft and light axis [17], [18] as
well as taking the advantage of the nonzero radial index to
improve the SNR of rotational Doppler signals [19].

In general, in order to saliently improve the precision
of rotating velocimetry, selecting an OAM light mode with
a large topological charge (TC) or OAM index within the
allowed system bandwidth is an efficient strategy. This allows
for the detected RDSs containing motion messages to be
validly amplified [20]. However, as the spatial mode radius
is dependent on the TC, the validly illuminated or scattered
cross-sectional areas of a small target sharply shrink with the
increased ring size. This causes the detectable Doppler signals
to lose effectiveness when detecting a smaller target. The
perfect optical vortex (POV), credited to Ostrovsky et al. [21],
might be able to alleviate such onrushing technical chal-
lenge to some extent since the beam radius is immune to
the variations of the TC. As such, Qiu et al. [22] wisely
introduced this beam to realize rotational Doppler velocity
detections, validating its feasibility and showing the same well
detection performance in comparison to Laguerre–Gaussian
(LG) modes. Apart from that, less well-known is the novel
perfect Laguerre–Gaussian (PLG) mode, recently presented
theoretically by Mendoza-Hernández et al. [23], which pos-
sesses the parallel perfect character as the POV. After then,
such scalar modes together with their vectorial counterparts
have also been experimentally measured by Liu et al. [24].
Although the PLG modes possess the parallel perfect feature,
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the feasibility of rotational Doppler velocimetry by exploiting
such specific beams remains to be elusive thus far, hindering
the high-accuracy velocimetry of a rotating target with a small
cross section.

In these contexts, we here theoretically propose and exper-
imentally demonstrate a high-accuracy measurement scheme
for the rotating angular velocimetry, by exploiting the novel
PLG light mode along with the rotational Doppler effect.
We start with the theoretical study on the intensity, phase,
and perfect properties of PLG modes, and highlight the
perfect benefit to achieve velocimetry of a rotating target
with a small cross section. Then, the mechanism of rotational
Doppler velocimetry is examined. Subsequently, a proof-of-
concept experiment is implemented and the experimental
results demonstrate that in addition to symmetrically superim-
posed PLG modes, the asymmetrically superimposed equiva-
lents impinging onto the small rotating target can also induce
scattered beating frequency. The experimental outcomes val-
idate our theoretical predictions well. Crucially, we further
show how to quantitatively evaluate the salient performances
of the rotational Doppler velocimetry system. Lastly, we draw
our conclusions.

II. THEORETICAL FRAMEWORK

A. PLG Modes

Here, we first present the theoretical formula of PLG modes.
The complex amplitude expression of PLG modes at z = 0 can
be formulated as [23], [24], [25]

El(r, ϕ, z) =

(√
2 r
wl

)|l|

L |l|
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(
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)
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where (r , ϕ, z) denotes the cylindrical coordinates, meeting
the relation with the Cartesian coordinates (x , y, z) as r =

(x2
+ y2)1/2 and ϕ = arctan(y/x). L |l|

p (•) stands for the
Laguerre polynomial with the radial mode index p, as well as
the OAM mode index l. ex represents the light’s polarization
state along the x-direction. As reported in [23], [24], and [25],
the beam waist wl of the PLG modes can be given by

wl ≡
w0

2
√

2p + |l| + 1
. (2)

Here, w0 is the beam waist of an LG mode. Thus, the intensity
of PLG modes following (1) can be represented as:

I (r, ϕ, z) = El(r, ϕ, z) · E∗

l (r, ϕ, z) = |E(r, ϕ, z)|2. (3)

Fig. 1(a) and (b) shows the simulated intensity and phase
distributions of the PLG modes with OAM index l = 10 as an
example, respectively. From Fig. 1(a), the transverse intensity
with an overlapped cross-sectional profile presents a single
ring-shaped intensity structure. The azimuthal phase factor
exp(ilϕ) in (1) indicates that the phase distribution of the PLG
mode exhibits a spiral phase front, as shown in Fig. 1(b).
It is clear that the total phase step from 0 to 2π around
the center equals to l. Moreover, in order to validate the
fidelity of the proposed light fields, the corresponding 3-D iso-
intensity surface profile is depicted in Fig. 1(c), which displays

Fig. 1. Schematic of PLG modes at z = 0 plane: (a) transverse intensity
pattern with p = 0 and l = 10 overlapped with the cross-sectional profile
(green solid line) and (b) its phase distribution; (c) corresponding 3-D
iso-intensity surface profile; and (d) cross-sectional intensity with the varied l
from 1 to 50, charactering the perfect property of PLG light modes. The
simulated parameters throughout this article are selected as follows. The
laser beams with a center wavelength of λ = 532 nm and the beam size
w0 = 2 mm.

good consistency with that in Fig. 1(a). Furthermore, Fig. 1(d)
illustrates the cross-sectional intensity profiles with l varying
from 1 to 50. It can be found that the ring thickness, which is
considered as the full-width at half-maximum of each profile,
decreases with the increase of l. The ring radius, defined as
the distance of optical axis and the position of the strongest
intensity, gradually tends to be constant as the l enlarges, thus
illustrating a perfect feature. It is worth noting in Fig. 1(d) that
there is a large shift while going from l = 1 to l = 5. This
can be ascribed to the contribution of the term (

√
2 r/wl)

|l|

in (1) that results in the increased hollow dark-core region
with enlarged l, thus causing the gradually increased bright
ring radius. In addition, the cross-sectional intensity profile
becomes sharp except for l = 1, which is because the increased
dark-core region with higher values of l gives rise to the
reduction in the ring thickness. Such perfect OAM modes
might be conducive to detecting rotating velocity of a target
with small cross sections, while maintaining high detected
accuracy with the increased l.

B. Rotational Doppler Velocimetry

Having elaborated on the perfect benefit of the proposed
PLG modes, we proceed to the analyses of the related rota-
tional Doppler velocimetry. In practical detection processes,
as the light frequency is typically too higher than the resultant
Doppler shifts to detect them directly, a coherent detection
method is adopted to acquire the Doppler echo signals. The
interferometric modes consist of two superposed PLG modes
with OAM indices l1 and l2, and can be expressed as

E(r, ϕ, z) = El1(r, ϕ, z) + El2(r, ϕ, z). (4)

During the detection process, we normally guide such
interferometric modes onto a rough-surfaced rotating target
with a rotating velocity �. As a consequence, the motion
induces the RDS in backscattered echo light signals. On the
probe end, since the detector can merely capture the intensity
information, we need to calculate the modulus square of (4),
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Fig. 2. Experimental setup for the generation of arbitrary spatial light modes
as well as the measurement of the rotational velocity of a rotor. OA: optical
attenuator; L1–L5: lenses; HWP: half-wave plate; LP: linear polarizer; SLM:
spatial light modulator; and PD: photodetector.

to obtain the time-varying intensity signals I (t), which can be
given as

I (t) = |E(r, ϕ, z)|2

∝ |exp(il1ϕ) + exp(il1ϕ)|2

=
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∝ |1 + cos[(l1 − l2)�t]|. (5)

To acquire the RDS, it is requisite to perform the fast Fourier
transform (FFT) to the time-varying intensity signals in (5).
After this, in the transformed power spectra, we can extract
the RDS by taking the deviation of the phase term in (5)

1 f =

∣∣∣∣d[(l1 − l2)�t]
2πdt

∣∣∣∣ =
|l1 − l2|�

2π
. (6)

Hence, the desired rotating velocity can be inferred as � =

2π1 f /|l1 − l2|. In (6), it is clear that the beating frequency
can be obtained by the combination of two OAM light fields
with OAM indices l1 and l2.

III. EXPERIMENTAL METHODOLOGY

To demonstrate the effectivity of our proposed scheme,
a proof-of-principle experiment is conduced, and the compact
and robust experimental setup is illustrated in Fig. 2. First,
a Gaussian light beam emitted from a diode-pumped solid-
state laser with a wavelength of 532 nm is appropriately
attenuated by an optical attenuator (OA). After then, the beam
is collimated and expanded with a telescope configuration
consisting of two lenses (L1 and L2), respectively. To control
the emitted power and polarization, a half-wavelength plate
and a linear polarizer (LP) are used in conjunction. Before
the beams are guided onto a reflective phase-only spatial light
modulator (SLM), the LP is rotated to match the polariza-
tion requirements of the SLM. To create the desired PLG
modes and its interferometric equivalents by virtue of the
available SLM, the predesigned digital holograms are loaded
upon the SLM panel. We here adopt to a versatile complex-
amplitude-modulated technology to engineer the digital holo-
grams [26], [27], and the relevant transmissive function can

Fig. 3. Digital holograms: (a) PLG mode with OAM index of l = 10 and
(b) PLG interferometric mode with OAM indices of l1 = − l2 = 10. The
gray levels of these images range from 0 to 255.

be represented as follows:

T (x, y)

= mod
{
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[
A(x, y)

]
sin
[
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(
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)]
, 2π

}
(7)

where mod{•} denotes the modulus function. A(x , y) and
ϕ(x , y) are, respectively, the amplitude and phase of incident
optical modes. fx and fy depict the grating frequencies along
the horizontal and vertical directions, respectively. Fig. 3
shows the exemplary digital holograms concerning both the
specific PLG mode and its interferometric one, respectively.
Subsequently, the generated optical modes pass through a 4 f
system, consisting of two identical lenses (L3 and L4) and
a tunable iris located in the Fourier plane, before relaying
the images to the far field. Notably, a charge-coupled device
(CCD) detector (not shown here) positioned behind the L4 is
employed to detect the generated optical modes.

To achieve the rotating velocimetry, we directly guide the
generated PLG interferometric modes onto an electromotive
rotating target surface vertically, where the target is mounted
on a 3-D stage. We then detect the scattered echo light signals
by a receive system including a collection lens (L5) and a
photodetector (PD). An oscilloscope connected with this PD
is utilized to digitalize the modulated time-varying analog
signals. We then gather the signals and perform their FFT on
a personal computer. Ultimately, the RDS can be extracted via
searching for frequency spectrum peaks in transformed power
spectra, thus easily inferring the rotating velocity.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we first examine several different PLG inter-
ferometric modes. Fig. 4 shows, in turn, the simulated phase
textures [Fig. 4(a)–(d)], and the simulated and experimental
PLG interferometric modes [Fig. 4(e)–(l)], with four distinct
OAM indices of l1 = 15 and l2 = 10, l1 = −l2 = 10, l1 =

15, and l2 = −10, as well as l1 = −l2 = 15. Unambiguously,
it can be observed from Fig. 4(e)–(h) that all of the field modes
feature petal-like structures, in which the petal numbers are
equal to |l1 − l2|. The generation of these petal textures is due
to the fact that [exp(il1ϕ) + exp(−il1ϕ)]2

∝ cos(|l1 − l2|ϕ),
thus leading to the alternation between bright and dark lobes
along the azimuthal direction, where exp(ilϕ) is equivalently
the OAM eigenfunction with eigenvalues of l. In these regards,
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Fig. 4. PLG interferometric modes with the radial index p = 0 and the
OAM indices: l1 = 15 and l2 = 10, l1 = 10 and l2 = −10, l1 = 15 and
l2 = −10, and l1 = 15 and l2 = −15, respectively: (a)–(d) calculated phase
textures; (e)–(h) simulated intensity patterns; and (i)–(l) experimental intensity
distributions.

Fig. 5. Experimentally measured power spectra as a function of RDS,
corresponding to illuminated PLG interferometric light modes with distinct
OAM indices: (a) 15 and 10; (b) ±10; (c) 15 and −10; and (d) ±15. The
rotational velocity is fixed at 300 rad/s.

it can be seen that the experimental outcomes in Fig. 4(i)–(l)
are in a good agreement with the simulated counterparts.

Then, the rotating velocity of the prescribed target is fixed
at 300 rad/s, and the power spectra under the illumination of
different PLG interferometric modes are measured as shown in
Fig. 4(i)–(l). The measured results are shown in Fig. 5, where
each power spectrum is normalized to the maximum value.
It can be clearly observed from Fig. 5 that there exists a clear
signal peak in each power spectrum, which corresponds to
the desired Doppler shift. Under such a circumstance, we are
able to obtain the rotating velocity following (6). It is worth
mentioning that in addition to the symmetrically superimposed
PLG modes [Fig. 5(b) and (d)], the illuminated rotating target
can also trigger rotational Doppler peak from the asymmet-
rically superimposed ones proposed in our scheme, as shown
in Fig. 5(a) and (c). Furthermore, the RDSs can be read out
from Fig. 5(a)–(d), equaling to 236, 953, 1191, and 1430 Hz,
successively. As a result, the associated rotating velocity can
be inferred as 296.56, 299.39, 299.33, and 299.49 rad/s,
respectively. In fact, it should be noticed that the measured
rotating velocities are all in close proximity to the default value
of 300 rad/s, thus indicating that the OAM-carried PLG modes
could view as a well-defined candidate for testing the rotating
velocity with a high accuracy.

Fig. 6. Experimentally validating the perfect benefit of PLG light modes
for rotating velocimetry of a target with small cross sections. The PLG
interferometric modes with OAM indices: (a) ±20; (b) ±25; (c) ±30; (d) ±35;
and (e)–(h) corresponding observed rotational Doppler spectra.

Fig. 7. Performance estimations with respect to the rotating Doppler
velocimetry system: (a) measured SNR as a function of varied OAM indices
with values from l1 = −l2 = 7–30 and (b) dependence of measured relative
uncertainty on altering rotating velocity.

To further validate the presented perfect benefit for the
rotating velocimetry, we next to increase the OAM indices
of PLG interferometric modes from l1 = −l2 = 20, 25,
30–35, respectively. Fig. 6(a)–(h) shows the corresponding
PLG interferometric light field patterns and the power spectra,
respectively. In particular, it is found that the related power
spectra display salient descending trends with the increased
OAM indices. Nevertheless, clear Doppler peaks emerge in
each measured spectrum, which means that the rotating veloc-
ity can also be acquired. Intriguingly, the radii of the petals
in such measured processes are immune to the enlargement of
OAM indices, thus validating the ability of remotely measuring
rotating velocity of a given target with a small cross section.

Additionally, it is of vital significance to estimate the
performance of our rotating velocimetry measurement system.
To this end, we first measure the SNR as a function of
PLG interferometric modes with varied OAM indices from
l1 = −l2 = 7–30, to cherry-pick the optimal OAM index
in the rotating velocimetry system. Here, the SNR can be
defined as the ratio of the maximum signal peak with the
maximum noise peak. The measured outcomes are shown
in Fig. 7(a), where each data point is repeatedly measured
20 times, and the mean is regarded as the final measured result.
It can be observed from Fig. 7(a) that the OAM index of
l1 = −l2 = 15 shows the maximum SNR, which corresponds
to the optimal sensitivity with respect to our proposed rotating
velocimetry system. This might be understood as that the
interferometric light field patterns corresponding to this OAM
index reach a balance between OAM modal purity and moving
away from the low-frequency noises domains, resulting in
the highest SNR compared to lower or higher OAM indices.
We further assess the performance of the rotating velocimetry
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TABLE I
COMPARISONS OF THREE ASPECTS WHEN EMITTING DISTINCT

OAM-CARRIED OPTICAL MODES, INCLUDING APPLICABLE
TARGET CROSS SECTIONS, SETUP TUNABILITY,

AND RELATIVE UNCERTAINTY

system via measuring the dependence of relative uncertainty
on distinct rotating velocities in the case of optimal sensitivity
(l1 = −l2 = 15). More specifically, we repeatedly measure
each of the rotating velocity up to 50 times, when altering the
set rotating velocity from 100 to 600 rad/s with the interval of
100 rad/s. Again, the means of each set of data are considered
as the measured results, while the standard deviations are
matched to the measured standard uncertainty denoted as error
bars, as plotted in Fig. 7(b). The relative uncertainty can be
defined as the ratio between the standard uncertainty and the
mean of measured 50 times data. It is observed from Fig. 7(b)
that the maximum relative uncertainty is below 0.48%, thus
showing the high accuracy of our rotating velocimetry system.

In order to give a powerful insight into the demonstrated
merits in this work, we further compare three pivotal indicators
concerning the rotating velocimetry system for distinct OAM-
carried optical modes: applicable target cross sections, setup
tunability, and relative uncertainty, as shown in Table I.
Even though exploiting the illumination of either coherent
or incoherent light modes takes on the high tunability in
the experimental setups, the detect objects are limited to
large scales accompanying with the relative uncertainty of
over 1% [9], [11], [12], [13], [14]. On the contrary, it has
been proven that the use of POV is beneficial to detecting a
small-cross-sectional target. Yet, an additional lens is required
to implement the Fourier transform in the experiment, thus
causing the relatively poor setup tunability [20]. This work,
on the whole, unifies all the advantages of previous related
research, namely, small-scale-target detection, flexibly tunable
experimental setup, and extremely high measure accuracy.
This totally indicates that this work offers a favorable platform
for the velocity detection of small-cross-sectional targets with
prominent tunability and high accuracy.

It is worth mentioning that the performance of the velocity
detection system is almost insensitive to variations in rotating

velocity �. Therefore, our comparisons do not depend on the
specific value of �. While it is true that comparisons with
other reported works may not be completely direct due to
differences in experimental setups and conditions, we believe
that our approach provides a novel and effective solution to
the challenge of rotating velocity detection of small-cross-
sectional targets, which has the potential to inspire and inform
further developments in this area.

Additionally, our proposed scheme may have several limita-
tions. First, the measurement scheme can only determine the
magnitude of the rotating speed, while the rotating velocity
vector, which includes the magnitude and direction informa-
tion, cannot be detected simultaneously. This is because the
absolute value of the RDS in (6) is taken. Second, it is essential
to the optical axis of emitted PLG mode to be normally aligned
with the rotary axis of the spinning object. Even a slight
misalignment can cause the broadening of the OAM spectrum,
thus leading to additional confused Doppler signal peaks.
Lastly, in practical applications, the proposed method can
be affected by the strong atmospheric turbulence, which can
introduce measurement uncertainties. We plan to investigate
this further in future studies to improve the accuracy and
reliability of our method. In terms of perspectives, we believe
that our proposed method has the potential to be applied
in various fields, such as remote sensing, navigation, and
robotics, where high-precision measurement of rotation speed
is required.

V. CONCLUSION

To conclude, we have theoretically presented and experi-
mentally demonstrated a high-accuracy rotating velocimetry
paradigm, based upon the rotational Doppler effect of vortex-
encoded PLG interferometric modes. First, we validate that the
perfect property of optical modes can be used to determine
unambiguously rotating velocity of a prescribed target with
a small cross section. Otherwise, it is noteworthy that in
addition to the symmetrically superimposed PLG modes, the
asymmetrically counterparts impinging onto the rotating target
can trigger the rotational Doppler signals as well. As a
result, the rotating velocity can be ascertained correspond-
ingly. More significantly, our experimental outcomes unveil
that ±15-order PLG interferometric modes offer the optimal
rotating velocimetry sensitivity, while maintaining the relative
uncertainty of below 0.48%. Our rotating velocimetry system
possesses the advantages, in addition to being applicable to
a small target detection, manifesting the flexible tunability
while remaining a higher velocimetry accuracy than other
paralleled methods. It is highly expected that the demonstrated
protocol and findings would not only contribute to the study
of OAM [28], [29], [30] and the interaction between photons
and macroscopic object [31], but also pave the roadmap to
extensive applications in laser Doppler velocimetry systems,
remote sensing, and optical metrology [32], [33].
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