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Abstract: Recently, spatiotemporally modulated metamaterial has been theoretically demon-
strated for the design of Doppler cloak, a technique used to cloak the motion of moving objects
from the observer by compensating for the Doppler shift. Linear Doppler effect has an angular
counterpart, i.e., the rotational Doppler effect, which can be observed by the orbital angular
momentum (OAM) of light scattered from a spinning object. In this work, we predict that the
spatiotemporally modulated metamaterial has its angular equivalent phenomenon. We therefore
propose a technique to observe the rotational Doppler effect by cylindrical spatiotemporally
modulated metamaterial. Conversely, such a metamaterial is able to cloak the Doppler shift
associated with linear motion by generating an opposite rotational Doppler shift. This novel
concept is theoretically analyzed, and a conceptual design by spatiotemporally modulating the
permittivity of a voltage-controlled OAM ferroelectric reflector is demonstrated by theoretical
calculation and numerical simulation. Finally, a Doppler cloak is experimentally demonstrated
by a spinning OAM metasurface in radar system, which the spatiotemporal reflection phase are
mechanically modulated. Our work presented in this paper may pave the way for new directions
of OAM carrying beams and science of cloaking, and also explore the potential applications of
tunable materials and metasurfaces.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The possibility of cloaking an object from detection by an external observer has recently become
a topic of considerable interest [1,2]. Such invisibility cloaks can be designed explicitly by
transformation optics, in which a conformal coordinate transformation is applied to Maxwell’s
Eq. [3,4]. For a restricted bandwidth, using the freedom of design that passive metamaterials
provide, one can redirect the electromagnetic fields to obtain a spatial distribution that defines
the cloak. However, the visibility of the cloaks can be detected by observation of the Doppler
effect when in relativistic motion [5]. In particular, the Doppler frequency shift, which arises
from the relativistic motion, may shift the wave outside the cloaking bandwidth, thus the cloak
becomes detectable. The possibility to cloak the motion of objects from a static observer has
recently been discussed [6]. A moving object is enveloped with a spatiotemporally modulated
metamaterial which is able to generate an opposite frequency shift to the one of linear Doppler
effect. The resulting composite system can appear to a Doppler radar as stationary when it is
in fact moving. In addition, as a 2-dimentional metamaterial, a time-varying metasurface with
proper time-dependent transmission coefficient has also been discussed for realization of the
Doppler cloak [7–9]. The Doppler effect firstly described in 1842 is a well-known phenomenon
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in which the relativistic motion between a source and an observer causes a frequency shift in
reflected light waves. However, the rotational Doppler effect of OAM waves scattered by a
spinning target is less well-known [10–14]. In an OAM beam, the momentum has a rotating
component at every position within the beam. The rotational Doppler effect is generated by
the azimuthal component of the momentum and relative rotational motion. In other words, the
rotational Doppler effect is the transformation of Doppler effect into cylindrical coordinates.
Metasurfaces covering the phase change range from 0 to 2π can be designed as an OAM generator
known as OAM metasurface [15]. Recently, the rotational Doppler effect by a spinning OAM
metasurface has been experimentally observed. The spinning motion of an OAM metasurface
modulates the reflection phase spatiotemporally causing rotational Doppler shift [16,17].

In this paper, inspired by the spatiotemporallymodulatedmetamaterial that can generateDoppler
shift, we explore the angular equivalent phenomenon of such a metamaterial. Here we transform
the spatiotemporally modulated metamaterial from the Cartesian coordinate to a cylindrical
coordinate, an angular counterpart phenomenon is predicted. Based on spatiotemporally
modulating the artificial permittivity of the material in azimuthal angle, i.e., in a cylindrical
coordinate, the reflection phase of the waves can be modulated in order to mimic the spinning
motion. Thus we can generate an OAM beam with rotational Doppler effect from a stationary slab
via electrically modulating the permittivity of the material. Moreover, we explore the potential
applications of rotational Doppler effect from spinning OAM metasurface, we demonstrate the
Doppler cloak concept by an OAM metasurface with both linear moving and spinning in Doppler
radar system, a zero-frequency shift is experimentally observed. It means that the Doppler radar
detects the OAM metasurface as stationary but the fact that it is moving.

The paper is organized as follow: Firstly, we outline the fundamental theory of spatiotemporally
modulated metamaterial in a cylindrical coordinate for observation of rotational Doppler effect.
Subsequently, a conceptual design is proposed to demonstrate this concept. Specifically, a
voltage-controlled OAM reflector based on ferroelectric materials with relative permittivity which
is spatiotemporally modulated by applying a bias voltage. To some extent, our design combines
the concept of OAM generation and time-modulated array [18,19]. The material parameters are
based on measured dielectric tunability from Barium-Strontium Titanate ceramics at microwave
frequency, and theoretical and simulation results demonstrate the rotational Doppler effect for
Doppler cloak. Finally, as a 2-dimentional case of spatiotemporally modulated metamaterial,
a spinning OAM metasurface mechanically modulate the spatiotemporal reflection phase is
used to experimentally demonstrate the Doppler cloak concept. Different from the time-varying
metasurface generating linear Doppler effect [7–9], the proposed cylindrical spatiotemporally
modulated metamaterial generating OAM beam with rotational Doppler effect can mimic the
motion spinning, which may find more applications for detection of spinning objects. The
proposed approach is expected to broaden the applications of OAM carrying beams, explores
the potential application of ferroelectric materials and metasurfaces, and promises important
advantages in scenarios such as Doppler cloak, Doppler radar deception and Doppler cancellation
in wireless communication [20].

2. Theoretical analysis

A way to achieve the Doppler shift from a spatiotemporally modulated metamaterial was recently
discussed [6]. The space-time permittivity εr(z, t) is modulated according to the travelling
wave-profile in the Cartesian coordinate εr(z, t) = εr0 + δεcos(ωmt + kmz), where the ωm = 2πfm
is the modulation frequency, as shown in Fig. 1(a). The modulated permittivity introduces two
time-varying phase shift exp(±jωmt) to the reflected waves. By the Fourier transform, the phase
varying in time domain corresponds to a frequency shift ∆f = ±ωm/2π measured in Hz. On
the other hand, the Doppler effect has its angular equivalent, i.e., the rotational Doppler effect
[10–14], which can be observed from a spinning OAM beam leading to a time-varying phase
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ϕ(θ, t) in cylindrical coordinates [16]. The following Eq. shows the spatiotemporally modulated
reflection phase of a spinning OAM beam.

ϕ(θ, t) = θl − 2πlfmt (1)

where θ is the azimuthal angle, l is the OAM mode and fm is the spinning frequency. The first
term θl defines the mode of OAM beam, and the second term −2πlfmt defines the spinning motion
in +θ direction. Similarly, we can spatiotemporally modulate the permittivity in azimuthal
direction εr(θ, t), and introduce a corresponding space-time-varying phase shift ϕ(θ, t) consistent
with Eq. (1), the one of rotational Doppler effect from a spinning OAM beam. The proposed
spatiotemporally modulated metamaterial is shown in Fig. 1(b). Let us denote the thickness of
the metamaterial as d and the wavelength of the incident wave as λ, the reflection phase of such
reflector is given by

ϕ =
4πd√εr

λ
(2)

By matching Eqs. (1) and (2) we can define a spatiotemporal permittivity of the metamaterial as
the following Eq. √

εr(θ, t) =
λ(θl − 2πlfmt)

4πd
(3)

This spatiotemporal permittivity condition describes the phase variation matched with that of
the rotational Doppler effect from a spinning OAM beam, which generates a rotational Doppler
frequency shift [10,16]

∆f =
lΩ
2π
= lfm (4)

In our case only a positive frequency shift is obtained, because the modulated permittivity
εr(θ, t) is a monotonic function varying with time. The travelling-wave profile of the modulated
permittivity and spinning reflection phase are shown in Figs. 2(a) and 2(b), respectively.

Fig. 1. (a) Planar reflector loaded with a spatiotemporally modulated metamaterial, the
artificial permittivity εr(z, t) is modulated in z axis of Cartesian coordinate corresponding
to linear Doppler effect. (b) The proposed planar reflector loaded with a cylindrical
spatiotemporally modulated metamaterial, the artificial permittivity εr(θ, t) is modulated in
angular direction θ and introduces a space-time-varying reflection phase ϕ(θ, t) corresponding
to rotational Doppler effect from a spinning OAM beam.

3. Electrical modulation: Doppler cloak by ferroelectric materials

3.1. Full 2π reflection phase tuning ferroelectric reflector

Microwave devices based on ferroelectric materials are of currently attracting significant interest
[21,22]. One of those typical applications is antenna beam steering by ferroelectric lens [23].



Research Article Vol. 28, No. 3 / 3 February 2020 / Optics Express 3748

Fig. 2. (a) The cylindrical spatiotemporally modulated permittivity εr(θ, t) calculated by
Eq. (3), note that the phase change is a periodic function therefore the permittivity is periodic
as well. εrmin and εrmax correspond to the phase shift of 0 and 2πl, respectively. vm is the group
velocity travelling in +θ direction. Two snapshots of this modulation profile are presented,
demonstrating its travelling-wave character towards +θ direction. (b) Time-varying reflection
phase ϕ(θ, t) profile where maximum phase change is 2πl, the spinning reflection phase
with an angular frequency Ω = 2π/T matches to the one of rotational Doppler effect from
a spinning OAM beam. Eight snapshots in one period are presented to show the spinning
reflection phase.

A ferroelectric lens consists of slabs of ferroelectric material sandwiched between conducting
electrodes is shown in Fig. 3 on the right. The permittivity can be tuned from εrmin to εrmax by an
electrostatic bias voltage. The phase of an electromagnetic wave passing through the lens can
therefore be modulated by an external bias voltage. Alternatively, a reflector can be used to reflect
an incident wave, and when positioned behind a ferroelectric slab with controllable permittivities,
the phase of the reflected wave can be controlled. Here, a planar reflector behind ferroelectric
slabs is proposed, where two Quarter-wave dielectric transformers are used for impedance
matching from the vacuum to the ferroelectric material. Design details of two Quarter-wave
dielectric transformers can be found in [23]. The composite bulk shown in Fig. 3 on the left is a
conceptual design as the basic element of spatiotemporally modulated metamaterial. In order to
obtain full 2π reflection phase tuning, the thickness of the ferroelectric material should be

d >
λ

2
(
√
εrmax −

√
εrmin ) (5)

One of the well-known ferroelectric materials with favorable microwave properties is barium
strontium titanate (BST) [24,25]. Figure 4(a) shows the measured permittivity of Ba0.6Sr0.4TiO3
ceramic samples at 3.5GHz vs. applied electric field. As can be seen, the dielectric constant
is tunable from a value of 165 down to 120 when DC bias field is applied. It should be noted
that the permittivity simulated by Vendik’s model [24,25] at 10GHz has approximately the same
tunability and permittivity as the one at 3.5GHz. Moreover, we simulate the permittivity and
reflection phase versus bias voltage for the proposed ferroelectric reflector working at 10GHz
by CST 2016, as shown in Fig. 4(a), both of which have a linear response with respect to the
bias field. The loss tangent at 10GHz for different voltages are around 0.01 thus the reflection
waves can be considered to have the same magnitude [26]. The detailed parameters of the full 2π
reflection phase ferroelectric reflector simulation model is shown in Fig. 4(b). The permittivity
of two Quarter-wave dielectric transformers are ε1 = 5.2 and ε2 = 27, respectively. There are
multiple BST layers for the ferroelectric reflector, which is biased by the internal and external
electrodes. The height of each layer is 1.5mm where is the space between the conducting plates.
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This space is filled with the high dielectric constant BST and so the space is about half wavelength
at 10GHz, eliminating higher order modes within the material.

Fig. 3. Configuration of a full 2π reflection phase ferroelectric reflector. On the left is
a ferroelectric bulk with planar reflector and two quarter-wave impedance transformers.
The permittivity of these two quarter-wave dielectric transformer are denoted as ε1 and ε2,
respectively. On the right is a practical configuration of a ferroelectric lens, this multilayer
ferroelectric material is biased by an external voltage tuning the permittivity from εrmin to
εrmax .

Fig. 4. (a) Simulated permittivity and reflection phase versus bias voltage of the proposed
ferroelectric reflector at 10 GHz, the reflection phase has a range about 400◦. Measured
permittivity of Ba0.6Sr0.4TiO3 at 3.5GHz is also shown, which is the same as the permittivity
at 10GHz. (b) Design details of the ferroelectric reflector working at 10GHz.

3.2. Cylindrical spatiotemporally modulated OAM ferroelectric reflector

A unique characteristic of an OAM beam is its helical transverse phase structure exp(jlθ), in
which θ is the transverse azimuthal angle and l is an unbounded integer representing the OAM
mode. An OAM beam with helical phase front can be obtained by a phase gradient material
introducing azimuthal phase dependence exp(jlθ) into the beam [27–30]. In order to realize the
cylindrical spatiotemporally modulated metamaterial, we need to discretize both space and time.
Here we use eight elements and eight time frames to design a spatiotemporally modulated OAM
ferroelectric reflector. The permittivity εr(θN , tM) of the whole reflector is changing not only
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in azimuthal angle θ but also in time t, where N = 1, 2, . . . , 8 and M = 1, 2, . . . , 8, as shown
in Fig. 5. The discrete spatiotemporal permittivity εr(θN , tM) is the discrete form in Fig. 2(b).
Each element is a full 2π reflection phase tuning ferroelectric reflector working at 10GHz which
is proposed in Fig. 4(b) and individually controlled by an external bias voltage. Specifically,
we choose l = +1 to demonstrate the concept, but should be noted that the proposed concept
can be applied in arbitrary OAM mode, the spatiotemporally modulated permittivity scheme
in one period is shown in Fig. 5(b). The proposed ferroelectric reflector is consistent with
the spinning helical phase condition that can generate spinning OAM reflected beam therefore
causing rotational Doppler shift.

Fig. 5. (a) Structure of an OAM ferroelectric reflector. We discretize the reflector by
eight elements and eight time frames to realize cylindrical spatiotemporally modulated
metamaterial, each element is a full 2π reflection phase tuning ferroelectric reflector
modulated by an external bias voltage. (b) Discrete spatiotemporal permittivity scheme for
rotational Doppler effect of l = +1 OAM beam, θ1 ∼ θ8 means different azimuthal angles,
t1 ∼ t8 means different time slots in one period.

From the simulated reflection phase of the proposed ferroelectric reflector, we can calculate
the OAM electric field by the following Eq.

E(r, t) =
∬

s
E0exp(jk · (r − rs))exp(jϕ(θ, t))ds (6)

where r is the field points, k is the wave vector, rs is the position vector on the reflector surface S,
ϕ(θ, t) is the spatiotemporal reflection phase. Figure 6(b) shows the configuration of the proposed
tunable OAM ferroelectric reflector for a conceptual Doppler cloak design, an object cover by
the proposed reflector can get a frequency shift despite it is at rest. Figure 6(a) shows eight
snapshots of the calculated spinning OAM phase front which is consistent with our theoretical
results shown in Fig. 2(b). All elements can be individually modulated by applying external bias
voltages in azimuthal angle and mimic the motion of spinning, where the spinning frequency is
fm = 1/T . Moreover, from Fig. 6(a) we can get the discrete time-varying reflection phase of the
OAM beam, then we can calculate the frequency shift of an l = +1 wave reflected by the proposed
tunable OAM ferroelectric reflector at rest, i.e., v = 0. By using Fourier transform F (E(r, t))
to Eq. (6), we calculate the frequency shift of a modulated signal operating at f0 = 10GHz
with Gaussian noise, a frequency shift ∆f = fm is shown in Fig. 6(c). The calculated result is
in a good agreement with the theoretical result ∆f = lfm. Therefore, the proposed cylindrical
spatiotemporally modulated OAM ferroelectric reflector is a conceptual design for Doppler cloak
by generating an opposite frequency shift related to the motion.
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Fig. 6. (a) Calculated OAM phase front of the tunable OAM ferroelectric reflector, eight
snapshots in one period, the reflection phase is spinning with time. (b) The configuration
of the proposed cylindrical spatiotemporally modulated OAM ferroelectric reflector. (c)
Calculated frequency shift, the signal is sinusoid with Gaussian noise then reflected by the
cylindrical spatiotemporally modulated OAM ferroelectric reflector at rest.

4. Mechanical modulation: Doppler cloak by spinning OAM metasurface

As discussed above, by tuning the external voltage, we can electrically modulate the reflection
phase of ferroelectric metamaterial and generate the rotational Doppler effect. Instead of electrical
modulation, the spatiotemporal property can also be achieved by mechanical modulation. A more
straightforward approach to modulate the reflection phase described in Eq. (1) is by physically
spinning a polarization independent OAM metasurface, as a 2-dimentional spatiotemporally
modulated metamaterial, which can exploit the space and time dimensions to generate rotational
Doppler effect. Figure 7 shows the structure of an l = −1 polarization independent OAM
metasurface and near-field simulated and measured phase. The near-field phase is simulated by
CST 2016 and measured by a planar scanner with a 5.8-GHz Vivaldi antenna as a source.
In order to demonstrate the Doppler cloak concept, we measure the spectrogram of an OAM

metasurface by a 5.8-GHz Doppler radar in three cases: moving, spinning and both moving and
spinning. The experiment setup of Doppler cloak by a spinning OAM metasurface is illustrated
in Fig. 8. Here we move the Doppler radar instead of the OAM metasurface to generate the
relativistic movement for operational simplicity. In our measurement, the Doppler radar is moved
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Fig. 7. (a) Structure of the l = −1 OAMmetasurface. The OAMmetasurface is polarization
independent which can generate OAM beam in different polarizations. (b) Simulated
near-field phase. (c) Measured near-field phase.

on a 2500-mm-long linear slide rail with a stepper motor and the OAM metasurface is rotated
by a motor. The moving speed of the rail can be controlled by the computer which is set to
+0.62m/s in our case. In a radar system working at f0, to cancel the linear Doppler shift ∆flinear
by a rotational Doppler shift ∆frotational, the relativistic moving speed v and angular velocity Ω of
the OAM metasurface should satisfy the follow Eq. [31]:

∆flinear + ∆frotational =
2vf0
c
+

lΩ
2π
= 0 (7)

Fig. 8. Experiment of Doppler cloak by spinning OAM metasurface. A Doppler radar is
moving with a linear speed and an OAM metasurface is spinning with an angular velocity,
these two motions are generating a linear Doppler shift and an opposite rotational Doppler
shift, respectively. Consequently, a zero-frequency shift is obtained to demonstrate the
Doppler cloak concept.

The measured frequency shifts for three different cases are shown in Fig. 9. For the moving
case, as shown in Fig. 9(a), a linear Doppler effect is observed. A frequency shift of +24 Hz is
measured, and the output velocity, which is calculated by v = ∆fc/2f in radar system, is +0.62m/s.
For the spinning case, as shown in Fig. 9(b), the OAM metasurface is rotated around the central
axis in order to generate spatiotemporal reflection phase φ(θ, t) = θl − 2πlfm. The OAM mode of
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the metasurface is l = −1 and the angular velocity is Ω = 23.92 × 2πrad/s spinning clockwise
which is measured by a high-speed camera, therefore we can get a −24Hz rotational Doppler shift
calculated by Eq. (4). In this case, where the metasurface is spinning but not moving, and the
output velocity of the radar is −0.62m/s. Finally, based on compensating the linear Doppler shift
by an opposite rotational Doppler shift, we measure the spectrogram of an OAM metasurface
that is both moving with a speed +0.62m/s and spinning clockwsie with an angular velocity
Ω = 23.92 × 2πrad/s. For normal incidence, the overall frequency shift from Eq. (7) leading to
an observed zero-frequency shift and zero apparent velocity for the Doppler radar, as shown in
Fig. 9(c). The measurements confirm that the spatiotemporal metasurface has the ability to cloak
a moving object by generating an opposite rotational Doppler shift to the one from moving.

Fig. 9. Measured spectrograms of an l = −1 OAM metasurface in three different motions.
(a) Linear moving with a speed of +0.62m/s, the output velocity of the Doppler radar is
+0.62m/s. (b) Clockwise spinning with an angular velocity Ω = 23.92 × 2πrad/s, the
output velocity of the Doppler radar is −0.62m/s. (c) Both moving and spinning, the overall
zero-frequency shift is superposition of the linear Doppler shift and rotational Doppler shift,
the output velocity of the Doppler radar is 0m/s.

5. Conclusion

In conclusion, we have introduced an approach to generate rotational Doppler effect by cylindrical
spatiotemporally modulated metamaterials. The approach is predicted by transforming the
coordinate of spatiotemporally modulated metamaterial. Here we theoretically demonstrate the
idea by mapping the reflection phase from a cylindrical spatiotemporally modulated metamaterial
to the one of spinningOAMbeam,meaning that the reflected beam from the proposedmetamaterial
has exactly the same characteristics of a spinning OAM beam. Moreover, we propose a conceptual
design by the use of ferroelectric material and demonstrate the idea by simulation and calculation.
We then discretize the device in both space and time, and an 8-element cylindrical spatiotemporally
modulated array is proposed, which is termed as a voltage-controlled OAM ferroelectric reflector.
Such metamaterial can be independently controlled by a field-programmable gate array (FPGA)
for electronic modulation. Simulation and calculation results show that the tunable OAM
ferroelectric reflector can generate a frequency shift when it is in stationary. Finally, in order
to experimentally demonstrate the Doppler cloak concept by rotational Doppler effect from
spatiotemporally modulated metamaterial, the spatiotemporal reflection phase is generated by a
mechanical modulation. A spinning OAM metasurface with an overall zero-frequency shift by
both linear and rotational Doppler shift are measured by the Doppler radar, meaning that the
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Doppler radar cannot detect the OAM metasurface at rest despite the fact that it is moving. It
should be noted that, we can arbitrarily manipulate the output velocity from a Doppler radar
by tuning the spinning frequency. We only show the particular case of zero velocity in this
paper. The concept of rotational Doppler effect from cylindrical spatiotemporally modulated
metamaterial for Doppler cloak is introduced and demonstrated. To our knowledge, this is the first
work that demonstrate the Doppler cloak concept by OAM beam experimentally, a zero-frequency
shift is observed in radar system by generating an opposite rotational Doppler shift to the one of
linear Doppler shift. In general, our proposed concept and design of cylindrical spatiotemporally
modulated metamaterial expands the application scope of tunable metamaterials, and may find
important applications to metasurface, OAM beam, Doppler radar cloaking, radar deception and
Doppler cancellation in wireless mobile communications. The proposed concept can also be
extended to millmeter-wave or optical ranges, as well as to acoustic waves by spatiotemporally
modulating corresponding properties of the medium.
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