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Multiple Rotational Doppler Effect Induced by a Single Spinning Meta-Atom
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The rotational Doppler effect (RDE) is of fundamental importance in the detection of rotating systems,
ranging from molecules to macroscopic bodies. Metasurfaces, which are potential substitutes for tradi-
tional optical devices, have been reported to induce a RDE. However, the mechanism of the interaction
between an electromagnetic wave and a spinning artificial meta-atom is not yet fully understood. Here,
we report a multiple RDE based on a time-varying generalized Pancharatnam-Berry phase, obtained from
a single spinning meta-atom placed in a rectangular waveguide. Twofold and sixfold rotational Doppler
shifts with respect to the rotational velocity are obtained from meta-atoms with C2 and C3 rotational sym-
metry, respectively. In contrast to full-size devices, a single meta-atom has minimal rotational inertia and
size, enabling its application in integrated systems. This work represents the interaction of an electromag-
netic wave with a single spinning meta-atom, which may have potential applications in rotation-detection
systems, frequency-gradient metasurfaces, and frequency modulators.
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I. INTRODUCTION

The translational Doppler effect is the well-known fre-
quency shift of electromagnetic or sound waves that arises
from relative motion between the source and the detec-
tor [1,2]. This frequency shift is proportional to both
the frequency of the wave source and the linear veloc-
ity, and has been successfully applied for measurement
of the speed and position of objects in medical diagnosis
[3], global positioning systems [4], and Doppler radar [5].
Similarly to the translational Doppler effect, the rotational
Doppler effect is derived from the exchange of angular
momentum and energy when electromagnetic waves car-
rying angular momentum interact with rotating objects [6].
This phenomenon can be observed in the case of a cir-
cularly polarized (CP) wave propagating through a gas
of synchronously spinning molecules [7]. This effect can
be employed to measure the angular velocity and angular
acceleration of an object using the rotational-Doppler-shift
information in the echo signal [8–10]. There are three
main ways to induce a rotational Doppler frequency shift.
The typical way is to use a CP wave carrying spin angu-
lar momentum (SAM), which propagates through one or
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two cascaded spinning half-wave plates with an angular
velocity �; the output CP wave with opposite handed-
ness experiences an angular-frequency shift of 2� or 4�

[11,12]. To increase the frequency shift, light beams car-
rying both SAM and orbital angular momentum (OAM)
have been produced by utilizing a spatial light modula-
tor (SLM) or a spiral phase plate [13–17]. In addition, a
spinning nonlinear crystal has been introduced to induce a
rotational Doppler effect (RDE), which provides an insight
into the interaction of light with a moving medium in the
nonlinear optical regime [18]. However, such methods suf-
fer from the limitations of complicated optical elements
and low efficiency due to the divergence of a beam with
OAM in free space.

Metasurfaces, which are artificially designed materials,
offer an unprecedented ability to manipulate the polar-
ization, phase, and amplitude of electromagnetic waves
[19–25]. Spinning q-plates consisting of a metasurface
with a low profile thickness can be used to replace tra-
ditional optical elements (SLMs, spiral phase plates, and
spinning half-wave plates) and to generate an OAM that
can induce a rotational Doppler frequency shift under
illumination with a CP wave [26–28].

In addition, time-modulated metasurfaces based on var-
actor diodes or PIN diodes have been demonstrated to
achieve a RDE when the bias voltages are controlled
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[29–31]. Therefore, a RDE generated by a rotating meta-
surface can be used to cloak the motion of a moving object
from an observer by compensating for the translational
Doppler shift [32]. Similarly, the RDE can be expanded
to the field of acoustics and can be used to generate acous-
tic folded bulk bands and interface-state bands based on
acoustic array metasurfaces [33]. More recently, the use
of the generalized Pancharatnam-Berry (PB) phase based
on polygonal meta-atoms with high rotational symmetries
has been proposed for realizing an on-demand phase for
OAM generation and beam deflection [34,35]; this vio-
lates the well-known theory that a geometric phase does
not exist for meta-atoms with a rotational symmetry greater
than or equal to 3 [36]. Interestingly, a single meta-atom
with a generalized PB phase, with minimal rotational iner-
tia and size, is expected to induce a Doppler frequency
shift, which could potentially lead to a broad range of
applications, especially in integrated systems.

In this paper, we focus on the RDE of a single spin-
ning meta-atom with high rotational symmetry. Theoretical
analysis demonstrates that a RDE can originate from a
time-varying PB phase in a symmetric meta-atom struc-
ture. It is shown that the absolute rotational Doppler shift
depends not only on the rotational speed but also on
the rotational symmetry of the meta-atom structure. The
time-varying polarization conversion efficiency and PB
phase are measured in a microwave waveguide experi-
ment. We successfully observe twofold (C2 meta-atom)
and sixfold (C3 meta-atom) rotational Doppler shifts with
respect to the rotation speed. The rotational symmetry of
a single meta-atom, which offers a degree of freedom for
frequency-shift modulation, expands and enriches the the-
ory of the RDE. More essentially, this demonstration is
of fundamental significance in electromagnetics and pho-
tonics, as it provides insight into the interaction of an
electromagnetic wave with a single spinning meta-atom
with high symmetry.

II. THEORETICAL ANALYSIS AND META-ATOM
DESIGN

The high-order PB phase induced by a meta-atom with
n-fold rotational symmetry in a square lattice can be
expressed as [34]

�(n) =
{±2nθ , n odd
±nθ , n even (n �= 4m, m = 1, 2, 3, . . .) ,

(1)

where the sign ± is determined by the rotation direc-
tion of the principal axis, and θ is the rotation angle
with respect to the principal axis of the meta-atom. The
generalized PB phase is manifested as a multiple-times
rotation angle different from the usual geometric phase
� = ±2θ . We analyze the relationship between the rota-
tional Doppler shift and the generalized PB phase for an

electromagnetic wave interacting with a spinning object.
Assuming that a wave with a right-handed circular polar-
ization (RCP) or left-handed circular polarization (LCP)
Ei = E0 exp[−i(ωt − kz)]

[
1±i

]
impinging on a reflecting

interface is completely converted to a CP wave with the
same handedness, the detected echo signal can be written
as

ER = E1 exp{i[ωt − kz − �[r(t)]]}
[

1
±i

]
, (2)

where E0 and E1 are the amplitudes of the incident elec-
tromagnetic wave and of the echo signal at the detector;
ω, k, and r are the angular frequency, the wave vector, and
the transverse position across the wavefront of the electro-
magnetic wave; and �[r(t)] is the transverse phase of the
reflected wave. The longitudinal phase is determined by
the propagation distance z. For a single n-fold-symmetric
meta-atom spinning at an angular velocity � in a square
lattice, the transverse phase �[r(t)] is equal to the PB
phase of the meta-atom �(n, t), which is independent of
the transverse position r. According to Eq. (1), the time-
varying PB phase of a meta-atom with n-fold rotational
symmetry is given by

�(n, t) =
{±2n�t, n odd
±n�t, n even (n �= 4m, m = 1, 2, 3, . . .) ,

(3)

where the rotation angle of the meta-atom is expressed as
θ = �t. We define the time-varying phase of the echo sig-
nal in Eq. (2) as χ = ωt − kz − �[r(t)]. Considering only
the rotation of the meta-atom, the total phase-change rate
of the reflected echo signal can be written as [37]

∂χ

∂t
= ω − ∂�[r(t)]

∂t
. (4)

According to Eqs. (3) and (4), we obtain a rotational
Doppler frequency shift that can be expressed as

	ω = ∂�[r(t)]
∂t

= ∂�(n, t)
∂t

=
{ ±2n�, n odd

±n�, n even (n �= 4m, m = 1, 2, 3, . . .) ,

(5)

where the sign ± is determined by both the rotation direc-
tion of the principal axis and the handedness of the circular
polarization of the incident wave. In other words, the angu-
lar frequency is either downshifted or upshifted, corre-
sponding to either a parallel and or an antiparallel rotation
between the meta-atom and the spin angular momentum
of the incident CP wave. From the above analysis, we can
see that a multiple RDE originates from the generalized PB
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FIG. 1. Schematic diagrams of RDE for C2 and C3 meta-
atoms. The incident CP wave is reflected and converted from a
CP wave with the same handedness by C2 and C3 meta-atoms
with angular velocity �, and the reflected wave has absolute rota-
tional Doppler shifts of 2� and 6� (angular frequency), respec-
tively. (a) Geometrical parameters of C2 rectangular meta-atom:
p = 20 mm, l1 = 18 mm, w1 = 5 mm, and h1 = 7.5 mm. (b)
Geometrical parameters of C3 equilateral-triangular meta-atom:
p = 20 mm, l2 = 15.89 mm, and h2 = 6.5 mm.

phase when that phase is equal to several times the rotation
angle with respect to the principal axis of the meta-atom.
Hence, the absolute rotational Doppler shift depends not
only on the angular velocity � but also on the n-fold rota-
tional symmetry. We have analyzed the Jones matrix of the
multiple RDE for a CP incident wave interacting with a
spinning object with n-fold symmetry (see Sec. S1 in the
Supplemental Material [38]).

Diagrams of the RDE for C2 and C3 meta-atoms accord-
ing to the above theoretical analysis are shown in Figs. 1(a)
and 1(b), respectively. For the usual rectangular meta-
atom with twofold rotational symmetry and with an angu-
lar velocity �, an incident LCP (or RCP) wave can be
reflected and converted to a LCP (or RCP) wave with the
same handedness, which generates a rotational Doppler
shift of 2� (or −2�) and −2� (or 2�) for the clock-
wise and the anticlockwise rotation direction, respectively.
Differently from a C2 meta-atom, a LCP (or RCP) wave
reflected from a C3 equilateral-triangular meta-atom can
carry a rotational Doppler shift of 6� (or −6�) and −6�

(or 6�) for the clockwise and the anticlockwise rotation
direction, respectively. To verify the existence of a multi-
ple RDE induced by the generalized PB phase, we design
all-metal meta-atoms with C2 and C3 rotational symmetry,
and the corresponding geometrical parameters are shown
in Figs. 1(a) and 1(b), respectively. Microwave waveg-
uide devices and a stepping motor are used to measure the
time-varying polarization conversion and generalized PB
phase induced by a single spinning meta-atom placed in a
rectangular waveguide.

III. EXPERIMENTAL RESULTS

A. Generalized PB phase

A schematic illustration of the waveguide devices used
experimentally for measuring the polarization conversion
efficiency and PB phases of spinning meta-atoms is shown
in Fig. 2(a). An orthogonal-mode transducer is used to sep-
arate two orthogonal linearly polarized signals within the
same frequency band. A circular-polarizer waveguide acts
as a polarization converter between linearly polarized (LP)
and CP waves. When the input signal to port 1, provided
by a vector network analyzer, passes through the OMT,
the output LP wave from the common port of the OMT
is converted into a CP wave by the CPW. The rectangular-
circular waveguide plays an important role in the junction
between the rectangular port of RW and the circular port
of CPW. Without a meta-atom, the reflecting waveguide
converts the CP wave into one with the opposite circu-
lar polarization, due to half-wave loss. Then, the CP wave
with opposite handedness, after passing through the CPW,
is converted into one with a linear polarization orthogonal
to that of the incident polarized wave (the input signal to
port 1), and the orthogonal linear polarization is received
by port 2 (S21,1) through the OMT. When a meta-atom is
installed, the CP wave can be transformed into a CP wave
with the same handedness under the action of a reflective
meta-atom, because the meta-atom can be considered as
a half-wave plate. Thus, this same-handedness CP wave
can be converted into one with a linear polarization par-
allel to that of the incident LP wave (the input signal to
port 1) after passing through the CPW, and then the lin-
ear polarization separated by the OMT is received at port
1 (S11). In other words, the portion of the electromagnetic
wave that has undergone polarization conversion by the
meta-atom returns to port 1 (S11), and another portion of
the electromagnetic wave, without polarization conversion
by the meta-atom, is received at port 2 (S21,2). Note that
the meta-atom sample is fixed to the shaft of the motor,
which passes through a small hole in the reflecting waveg-
uide. Electromagnetic absorption can be ignored, due to
the all-metal structure. As a result, the polarization con-
version efficiency η can be indirectly obtained from η =
S21,1 − S21,2, where S21,1 and S21,2 are the output signals
from port 2 for the unloaded sample and for the sample
loaded with a meta-atom, respectively. As the signal S11
carries information about the absolute amplitude of the
polarization conversion and the phase, the PB phase can
also be measured by collecting phase information from S11
when the meta-atom structure is rotated at a lower speed.
We have given a Jones-matrix-theory analysis of the polar-
ization conversion and PB phase in waveguide devices
(see Sec. S2 in the Supplemental Material [38] for more
details).

For convenient acquisition of the variation with time or
rotation angle of the polarization conversion efficiency and
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FIG. 2. Experimental setup and measurement results obtained
from samples with C2 and C3 meta-atoms. (a) Experimen-
tal setup, consisting of a vector network analyzer (VNA),
two coaxial-to-waveguide (CW) adapters, an orthogonal-mode
transducer (OMT), a circular-polarizer waveguide (CPW), a
rectangular-circular waveguide (RCW), a reflecting waveguide
(RW), and a motor, connected in sequence. (b),(c) Variation of
measured polarization conversion efficiency of C2 meta-atom
with frequency and time. (d),(e) Variation of measured PB phase
of C2 and C3 meta-atoms with rotation angle, corresponding to
frequencies of 10.5 and 10.85 GHz.

PB phase of a meta-atom, we set a lower angular velocity
� = 0.03π rad/s. The measured polarization conversion
efficiency of the C2 and C3 meta-atoms varies with fre-
quency and time, as shown in Figs. 2(b) and 2(c). The
results demonstrate that the polarization conversion effi-
ciency of meta-atoms with different rotational symmetry
remains almost unchanged at any time when the meta-atom
structure is rotated. The polarization conversion efficiency
of the C2 meta-atoms exceeds 95% in the frequency range
from 10 to 11 GHz. Although Fig. 2(c) demonstrates the
narrow-band polarization conversion efficiency of a C3
triangular meta-atom, the maximum of the reflection effi-
ciency is close to 100% at a frequency of 10.85 GHz.
PB-phase envelopes for different times in the frequency
range from 10 to 11 GHz can be seen in Fig. S2 in the Sup-
plemental Material [38]. It can be seen that the PB phase of
the C2 meta-atom completely covers the full phase range
of 2π in the frequency range from 10 to 11 GHz, but the
PB phase of the C3 meta-atom covers the 2π phase range

only in the frequency range from 10.5 to 10.9 GHz. The
PB phases of the C2 rectangular (10.5 GHz) and C3 tri-
angular (10.85 GHz) meta-atoms vary with the rotation
angle, as shown in Figs. 2(d) and 2(e). The PB phase of
the C2 rectangular meta-atom is twice the rotation angle.
In sharp contrast to the C2 meta-atom, the PB phase of the
C3 meta-atom is six times the rotation angle. The measured
PB phases of the C2 and C3 meta-atoms are consistent with
the theoretical expectations from Eq. (1). By employing
our waveguide devices and a single meta-atom, we can
measure the time-varying PB phase. This is helpful for
reducing the cost of fabrication and avoiding full-size sam-
ples. In addition, measurement results for a C3 Y-shaped
meta-atom are demonstrated in Sec. S3 in the Supplemen-
tal Material [38]. By comparing the measurement results
for the triangular and Y-shaped meta-atoms, we find that
these two meta-atoms with the same rotational symme-
try have similar electromagnetic properties in terms of the
polarization conversion and PB phase.

B. Rotational Doppler frequency shift

To further determine the multiple RDE of meta-atoms
with n-fold rotational symmetry, another experiment is
performed, in which the rotation speed of a single meta-
atom is controlled with a stepper motor. A schematic
diagram of the experimental setup is shown in Fig. 3(a),
where a signal source (Keysight N5191A) and a spectrum
analyzer (R&S FSW) are utilized to generate input pulse
signals and receive echo signals, respectively. To improve
the resolution of the frequency acquisition, we need to use
a modulated narrow pulse as the incident signal, as shown
in Fig. 3(b) (see Sec. S4 in the Supplemental Material [38]
for details of the tests and theoretical analysis).

Spectra measured for the C2 and C3 meta-atoms with
different angular velocities � in the clockwise direction are
shown in Figs. 3(c)–3(h), indicating the symmetric charac-
teristics of the right and left sides with respect to the center
modulation frequency. The main peaks on the right and left
sides correspond to the rotational frequency shifts of the
LCP and RCP components. After they have been reflected
by the rotating C2 rectangular meta-atom, the two CP
waves experience opposite rotational frequency shifts of
±2� rad/s. When the C2 rectangular meta-atom is rotated,
the main peaks in Figs. 3(c)–3(e) illustrate the rotational
frequency shifts 	f = ±35.96, ±53.95, and ±71.93 Hz
obtained when clockwise angular velocities � = 18 × 2π ,
27 × 2π , and 36 × 2π rad/s, respectively, are chosen. This
indicates that the rotational frequency shift (angular fre-
quency) for the C2 meta-atom is twice the rotation speed.
For the C3 triangular meta-atom with clockwise angu-
lar velocities � = 18 × 2π , 27 × 2π , and 36 × 2π rad/s,
rotational frequency shifts 	f = ±107.89, ±161.84, and
±215.87 Hz, respectively, are observed in Figs. 3(f)–3(h).
The rotational frequency shift (angular frequency) for the
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FIG. 3. Experimental setup and measurement results for the rotational frequency shift. (a) Schematic diagram of the experimental
setup. (b) Variation with frequency of the normalized intensity of the modulated pulse signal for a C2 rectangular meta-atom. The
center frequency, amplitude, pulse period, and width of the modulated pulse signal are 10.5 GHz, −10 dBm, 1.6 ms, and 0.4 ms,
respectively. (c)–(e) RDE spectra of normalized intensity for C2 atom with clockwise angular velocity � = 18 × 2π , 27 × 2π , and
36 × 2π rad/s. (f)–(h) RDE spectra of normalized intensity for C3 atom with clockwise angular velocity � = 18 × 2π , 27 × 2π , and
36 × 2π rad/s.

C3 meta-atom is six times the rotation speed, which is
consistent with our theoretical model. The above results
indicate that the absolute value of the rotational Doppler
frequency shift depends not only on the rotation speed but
also on the rotational symmetry of the meta-atom. In addi-
tion, there are additional subpeaks that originate mainly
from experimental imperfections, as any fluctuations in the
wave due to unsteady rotation of the meta-atom lead to a
modulation at the rotation frequency.

The variation with the rotational speed of the rotational
frequency shift for C2 and C3 meta-atoms with a clockwise
rotation direction is plotted in Figs. 4(a) and 4(b). The lines
with blue and red dots correspond to the Doppler frequency
shifts of the LCP and RCP components, respectively. More
measurement results, for RDE spectrum analysis with dif-
ferent angular velocities and counterclockwise rotation,
can be seen in Sec. S5 in the Supplemental Material [38]. It
is found that the frequency shifts for the C2 and C3 meta-
atoms show a linear relationship, with values of twice and

six times the rotational speed, respectively. A RDE with a
higher rotational symmetry can be induced by a general-
ized PB phase using a meta-atom with a higher rotational
symmetry, but this comes at the expense of efficiency and
bandwidth [34]. For example, a C5 meta-atom with a peri-
odic boundary in free space has been simulated, and the
PB phase is ten times the rotation angle (see Sec. S6 in
the Supplemental Material [38]). In contrast to full-size
devices, a single meta-atom has minimal rotational iner-
tia and size, enabling its potential application in integrated
systems.

In addition, our scheme is easier to implement using
a metallic material with high conductivity, and can be
extended to metasurface devices with a periodic or ape-
riodic array of meta-atoms to arbitrarily and dynamically
manipulate the wavefront of an electromagnetic wave by
independently controlling the rotation angle of each ele-
ment in real time. The scattering direction and angular
momentum of the electromagnetic wave are determined
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FIG. 4. Frequency shifts for C2 and C3 meta-atoms with dif-
ferent angular velocities and a clockwise rotation direction. (a)
Doppler frequency shifts for the C2 meta-atom correspond-
ing to the LCP and RCP components. (b) Doppler frequency
shifts for the C3 meta-atom corresponding to the LCP and RCP
components.

by the wavefront distribution, but the rotation angle for
each meta-atom is equal to x(n)/f (n), where x(n) is the
local phase of the relative position, and f (n) is a func-
tion associated with the rotational symmetry n; f (n) =
2n or n corresponds to odd or even rotational symmetry,
respectively, of the meta-atom in a square lattice. This
generalized PB phase depends on the coupling between
adjoining elements. Therefore, there will be phase errors in
the case of an aperiodic structure, but these can be ignored
when the phase gradient is small. A rotationally symmet-
ric meta-atom could produce frequency conversion under
the condition of high-speed rotation, but the frequency
shift is far smaller than the operating frequency of the
meta-atom, and this does not affect the ability to manip-
ulate electromagnetic waves by use of an arrangement of
meta-atoms.

IV. CONCLUSION

In conclusion, we demonstrate both theoretically and
experimentally that a multiple RDE can be induced
by a single spinning meta-atom placed in a rectangu-
lar waveguide. In essence, the RDE originates from the
time-varying PB phase of a symmetric meta-atom struc-
ture. Twofold and sixfold rotational Doppler shifts with
respect to the rotational velocity are observed for meta-
atoms with C2 and C3 rotational symmetry, respectively.
The absolute rotational Doppler shift depends not only
on the rotational speed but also on the rotational sym-
metry of the meta-atom structure. Thus, the rotational
symmetry, which offers a degree of freedom for frequency-
shift modulation, can amplify the rotational frequency
shift in comparison with the traditional PB phase of
a C2 meta-atom. The varying PB phase and multiple
RDE induced by a single meta-atom observed here are
different from the results in previous work on the PB
phase induced by a periodic array metasurface with a
full-size sample [39]. In contrast to full-size devices,

a single meta-atom with minimal rotational inertia and
size enables a broad range of applications, especially in
integrated systems. This work could open a path to induc-
ing rotational Doppler shifts by use of the interaction of an
electromagnetic wave with a single spinning meta-atom.
It is expected that a higher-order generalized PB phase
could used to achieve a better rotation-detection system
with high-precision performance in the future. In addi-
tion, our work may be extended to the infrared or visible
range to achieve dynamic wavefront control by combin-
ing our technique with dynamic meta-atoms produced by
means such as liquid crystals or nanomotors. This has pos-
sible applications in an OAM generator by employing a
time-varying PB or OAM analyzer for measurement of
orbital-angular-momentum modes based on the RDE.
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