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Abstract: By generating an artificial Doppler shift, a Doppler cloak can compensate for the
Doppler shift from a moving object. An object covered by a Doppler cloak will be detected
as a static object, even if it is actually moving. Herein, we experimentally demonstrate the
Doppler cloak in a radar system using a time-domain digital-coding metasurface. We theoretically
illustrate an active metasurface with a modulated reflection phase that can imitate the motion of
moving, thereby generating an artificial Doppler shift for a Doppler cloak. Moreover, a reflective
metasurface composed of voltage-controlled varactor diodes with a 3-bit reflection phase was
designed and fabricated. Finally, we experimentally demonstrate that an artificial Doppler shift
for a Doppler cloak is obtained from the proposed metasurface using a discrete time-varying
bias voltage. Simulation and measurement results show that the proposed time-domain digital-
coding metasurface can cancel the Doppler shift and serve as a Doppler cloak. The proposed
metasurface may have potential applications in a Doppler radar illusion, Doppler cancellation in
vehicle-to-vehicle communications, and wireless communications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

An object covered by an invisibility cloak is invisible from an external observer [1,2]. By
using transformation optics [3,4], we can design the invisibility cloak explicitly. However, the
invisibility cloaks based on the limited bandwidth metasurfaces are restricted to fundamental
limitations. The invisible ability of a cloak can be defeated while it is in relativistic motion
because of the Doppler effect. The Doppler effect may shift the incident signal outside its
operating frequency. Hence, an invisibility cloak becomes visible by Doppler radar [5,6]. The
Doppler effect is a well-known phenomenon that can be observed by acoustic or EM waves,
which arise from a relativistic motion between a wave source and an external detector. To
utilize the cloaking technique when in relativistic motion, the ability to cloak a moving object
from a static observer has recently been studied, which is termed a Doppler cloak. A moving
object covered by a space-time-modulated metamaterial has the ability to generate an opposite
frequency shift to that from linear movement [7,8]. The Doppler radar will detect the object
covered by a space-time-modulated metamaterial as stationary even though it is moving. In
2017, a metasurface with a time-varying transmission coefficient was theoretically designed as
an artificial frequency translator, which is a potential candidate for a Doppler cloak [9].

Electromagnetic (EM) waves can be manipulated by metamaterials, which have been widely
used to arbitrarily control the amplitude, phase shift, and polarization state of EM waves.
Metasurfaces are two-dimensional metamaterials that have been widely investigated owing
to their simple structure and low cost. Metasurfaces have been studied for many interesting
applications, such as a negative refraction [10,11], invisibility cloak [12,13], flat lenses [14–16],
and high-directivity antennas [17–19]. In addition, metasurfaces have been explored their
space-time modulation ability by adding active components, such as varactor diodes, PIN diodes,
and transistors. Metasurfaces with active unit cells have unique EM performances and properties
that cannot be achieved by their passive counterparts. Active metasurfaces using reconfigurable
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techniques have been proposed to obtain tunable functionalities such as operating frequency
tunability [20–22], steerable polarization states [23–25], and dynamic scattering control [26–28],
and have also been used to reduce the radar cross section (RCS) of antennas and reflectors
[29,30]. Until recently, space-time engineered structures [31–34] were designed to generate
harmonic frequencies [35–37], and time-varying metasurfaces have been verified to translate
the illuminating waves [9,38]. Time-domain digital-coding metasurfaces have demonstrated
the ability of nonlinear harmonic manipulation [39]. Moreover, the time-varying metasurfaces
have been explored owing to their ability to achieve non-reciprocity in both microwaves and
optics [40,41]. Time-varying metamaterials and metasurfaces have been used also to achieve
nonreciprocal radiation from devices and compensation of Doppler effect also in antennas [42–46].
However, time-domain digital-coding metasurfaces have yet to be experimentally demonstrated
for Doppler cloaks in a radar system.

In this paper, we experimentally demonstrate the Doppler cloak in a radar system using a
time-domain digital-coding metasurface. We propose that a modulated reflection phase from an
active metasurface has the same effect as linear movement generating a linear Doppler shift. An
object covered by a time-modulated reflective metasurface can generate an artificial frequency
shift to cancel the one from a linear movement, such that an observer, for example, a Doppler
radar, detects the composite system as a static object even when it is moving. Moreover, a
varactor-based metasurface with 21× 21 = 441 active unit cells that can produce a 3-bit reflection
phase response was designed and fabricated, and the prototype was tested. The reflection phase
can be modulated periodically with an interval of 45◦ by tuning the capacitance of the varactor
diodes. Because the reflection phase of the metasurface is periodically switched between eight
different states, the propose that the metasurface can imitate a discrete linear movement and
generate a dominant frequency shift for a Doppler cloak. The frequency shifts from the proposed
metasurface with a 3-bit reflection phase were calculated and measured. An external observer,
for example, Doppler radar, will detect the time-domain digital-coding metasurface with a certain
velocity as stationary because the artificial frequency shift can compensate the one from linear
movement. The active metasurface presented in this study may have potential applications in a
Doppler radar illusion, Doppler cancellation in vehicle-to-vehicle communications, and wireless
communications.

2. Theory

Consider that a Doppler radar generates an EM signal working at f0 to a target and detects the
scattered signal. For a normal incident, if the reflecting object is a metal reflector with a linear
moving velocity v approaching the radar, the travel distance between the Doppler radar and
metal reflector is d(t) = d0 − 2vt, where t is the time variable, and d0 is the travel distance at
t = 0. Here, a positive and negative velocity means approaching and receding, respectively. The
time-varying phase of the reflected signal owing to the linear movement velocity v is related to
the travel distance ϕv(t) = −2πd(t)/λ0, where λ0 = c/f0 is the wavelength of the incident signal,
and the speed of light is c. Therefore, the time-varying phase of the scattered signal is as follows:

ϕv(t) = −
2πd0
λ0
+

4πvt
λ0

. (1)

The spectrum of the scattered signal with time-varying phase E(t) = E0exp{jϕv(t)} can be
calculated using the Fourier transform F {E(t)}, which has a well-known Doppler shift ∆fφv =

2vf0/c, as shown in Fig. 1(A).
Herein, we propose an active metasurface with a modulated reflection phase ϕm(t) to compensate

for the time-varying phase ϕv(t) from a linear movement, that is, ϕm(t) + ϕv(t) = 0, and then
generate an opposite artificial Doppler shift ∆fφm to the one from the linear movement ∆fφv , the
overall frequency shift is ∆fφm + ∆fφv = 0, as shown in Fig. 1(b). Such an active metasurface
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Fig. 1. (a) A metal reflector with a linear moving velocity v has a frequency shift ∆fφv , which
is the well-known Doppler effect. (b) An active metasurface with a linear moving velocity v
and a modulated reflection phase ϕm(t) generates an artificial Doppler shift, which has an
overall frequency shift ∆fφv + ∆fφm . In particular, ∆fφv + ∆fφm = 0, an active metasurface,
can be used as a Doppler cloak.

with a zero-frequency shift can be used as a Doppler cloak. An object covered by the proposed
metasurface is detected as a static object despite actually moving.

3. Coding metasurface using varactor diodes

To verify the proposed theory, a metasurface operating at 5.8 GHz with 21 × 21 = 441 active
unit cells incorporating voltage-controlled varactor diodes (SMV2019-079LF) is designed and
fabricated, as shown in Fig. 2. The top and bottom metal layers are printed on a substrate layer
(Rogers RT5880), with a dielectric constant and loss tangent of 2.2 and 0.0009, respectively. The
design details of the unit cell are shown in Figs. 3(A) and 3(b) for top and side views, respectively.
The overall size of the proposed metasurface is 240× 240 mm. All varactor diodes are connected
to the + and - of the bias line with a simple biasing network, and a small gap of 0.2mm on the
bottom layer is used to separate the + and -, although the device still behaves as a ground plane.
In our simulation, the varactor diode is considered an RLC cascade circuit model at the operating
frequency. The equivalent circuit model of the unit cell can be found in [47]. A time-varying
external voltage U(t) is used to generate a time-domain digital-coding modulated reflection phase.
By tuning the external voltage, the proposed active metasurface obtains eight different states,
denoted as S1-S8, where each state is encoded by a binary code. The metasurface can produce a
3-bit reflection phase response, that is, the full 360◦ is equally divided into eight states, and every
adjacent state has a phase difference of 45◦. Here, the reflection phase response of the proposed
metasurface is designed for a normal incident y-polarization at 5.8 GHz, as shown in Fig. 3.

The reflection phase of the metasurface is obtained by measuring the transmission between two
horn antennas in an anechoic chamber. The measurement setup is shown in Fig. 4(A). Two horn
antennas as a transmitter and receiver are connected to a Keysight E5071C network analyzer,
both of which are 1 m from the metasurface, and a direct-current (DC) power supply is used
to bias the varactor diodes. The reflection measurement was calibrated using a copper plate.
The measured reflection responses with different bias voltages are shown in Fig. 4(b), where a
required 315◦ phase difference is obtained. The capacitance Cp of the varactor diode is changed
by the bias voltage within the range from 0.37 to 0.55 pF. For more information, please check the
data sheet of SMV2019-079LF. Table 1 details the measured reflection response at 5.8 GHz;
thus, we can obtain the phase intervals of adjacent states as 43◦, 46◦, 45◦, 45◦, 47◦, 43◦, 45◦, and
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Fig. 2. (a) Design of the proposed active metasurface with 21 × 21 = 441 unit cells for a
Doppler cloak. The bias voltage is provided by the + and - of the bias line on each unit cell,
and the metasurface is connected to a time-domain digital-coding bias voltage U(t) through
a simple biasing network. (b) Fabricated prototype. All varactor diodes are soldered using
surface mounting technology.

46◦, respectively, which are in good agreement with the expected interval of 45◦. The measured
reflection amplitude is not at the same level, but such a difference in the reflection amplitude
does not affect the ability of the proposed metasurface to translate the reflected signal. Therefore,
the 3-bit reflection phase can be time-domain digitally coded by the external voltage U(t).
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Fig. 3. Design parameters of the proposed metasurface. (a) Top view of the unit cell. (b)
Side view of the unit cell h = 0.5 mm, p = 10 mm, w1 = 0.3 mm, w2 = 0.2 mm, w3 = 0.2
mm, l1 = 1 mm, l2 = 1.5 mm, l3 = 3.5 mm, l4 = 5 mm, and r = 0.4 mm. The capacitance
of the varactor diode on the unit cell ranges from 0.30 to 2.22 pF. The proposed metasurface
is designed for y-polarization at 5.8 GHz.

Fig. 4. (a) Reflection response measurement setup. (b) Measured reflection phases with
different bias voltages.

Table 1. Measured reflection responses with different bias voltages at 5.8 GHz

State Binary code Bias voltage Refl. phase Refl. amplitude

S1 000 6.2 V 27◦ 0.92

S2 001 6.6 V 70◦ 0.92

S3 010 7.2 V 116◦ 0.83

S4 011 7.6 V 161◦ 0.82

S5 100 8.2 V 206◦ 0.86

S6 101 9.0 V 253◦ 0.90

S7 110 10.0 V 296◦ 0.92

S8 111 11.0 V 341◦ 0.94
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4. 3-bit time-domain digital-coding metasurface for doppler cloak

Consider that the 3-bit reflection phase of the proposed metasurface is decreased sequentially and
periodically such that each state is switched on for a time period given by τs = Ts/8, where Ts is
the overall sequence switching period. Here, we denote the 3-bit reflection response as ϕd(t),
which is the discrete form of an ideal reflection phase ϕm(t) = −ϕv(t), to cancel the Doppler shift
from linear motion, as shown in Fig. 5(A). Using the time-domain digital-coding reflection phase,
we can imitate the motion of a recession from the observer to compensate the Doppler shift from
the approaching linear movement. A Fourier analysis is used to calculate the spectrum Er(ω) of
the reflected signal from the proposed metasurface with the ϕd(t) reflection phase:

Er(ω) =

∫ +∞

−∞

E0exp{jϕd(t)}exp(−jωt)dt. (2)

Fig. 5. (a) The red line is the time-varying phase ϕv(t) from linear movement that generates
a Doppler shift. The green-dashed line is the ideal modulated reflection phase ϕm(t) = −ϕv(t)
to compensate for the Doppler shift from linear movement. The blue line is the proposed
3-bit reflection phase ϕd(t) of our coding metasurface for the Doppler cloak. (b) Calculated
frequency shifts of the reflected signal from the proposed metasurface with the time-domain
digital-coding reflection phase ϕd(t).

Therefore, the reflected wave can be expressed as a Fourier series, where ak is the harmonic
coefficient

Er(t) =
+∞∑︂

k=−∞
akexp(jk

2π
Ts

t)exp(j2πf0t). (3)

The calculated spectrum is shown in Fig. 5(b), where a dominant frequency shift at ∆f = −fs =
−1/Ts is obtained. The low power harmonic frequency shifts are also observed in the spectrum
whose normalized amplitudes are lower than 0.15.

Herein, we experimentally demonstrate that the proposed metasurface can be used as a
frequency translator. To realize the discrete reflection phase ϕd(t) shown in Fig. 5(A) by the active
metasurface, a discrete coding voltage is required. We used the experimental setup shown in
Fig. 6 in an anechoic chamber to measure the artificial Doppler shift, the proposed metasurface is
biased by an arbitrary waveform generator with a discrete coding voltage U(t). Different voltages
of 6.2, 6.6, 7.2, 7.6, 8.2, 9.0, 10.0, and 11.0 V are coded with a binary code based on Table 1
and repeated periodically, as shown in Fig. 7(A), which is measured using an oscilloscope, of
which the additive noise level is less than 0.06 V. Here, we demonstrate the coding metasurface
as a reflective frequency translator for two different frequency shifts. The frequency of the
discrete time-varying voltage is f1 = 1 MHz and f2 = 2 MHz, respectively. A signal generator
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(Aiglent N5172B) is connected to the transmitting antenna with a −10 dBm signal at 5.8 GHz,
and the receiving antenna is connected to a signal analyzer (Agilent 9020B) to measure the
frequency shifts. As shown in Fig. 7(b), two different dominant frequency shifts ∆f1 = −1 MHz
and ∆f2 = −2 MHz are measured, respectively, which have a good agreement with the theoretical
results. The calculated low-power harmonic frequency shifts in Fig. 5(b) are not clearly detected
owing to the transmission loss and environmental noise.

Fig. 6. Experiment setup used to measure the frequency shifts from the proposed coding
metasurface.

Fig. 7. (a) Measured discrete time-varying bias voltage for the proposed coding metasurface.
(b) Measured spectrum of the signal reflected by the proposed metasurface.

In addition, we experimentally demonstrate that the proposed time-domain digital-coding
metasurface has the ability to deceive Doppler radar. In our experiment, the time-domain
digital-coding metasurface was controlled by an arbitrary waveform generator with a discrete
time-varying voltage as shown in Fig. 7(A). A Doppler radar with a linear movement velocity
was used as an external observer, and the spectrograms of the signal reflected by the proposed
metasurface were measured. BumbleBee radar is a low-power pulsed Doppler radar operating at
5.8 GHz, and its detection range reaches up to 8 m [48]. The experimental setup to demonstrate
the Doppler cloak using the proposed metasurface is shown in Fig. 8(A). The Doppler radar was
moved by a linear slide rail with a speed controllable stepper motor, and the moving velocity
can be controlled by a remote control. In our experiment, we measured the spectrograms in two
different cases. In Case 1, a copper plate is used as a reflector, the Doppler radar approaches the
reflector linearly with a velocity of +0.62 m/s and duration of 1 s, and the linear Doppler shift
owing to this linear movement can be calculated using ∆flinear = 2vf0/c = 23.97 Hz, which is
measured as shown in Fig. 8(b). The initial distance between the radar and reflector is 1.5 m, and
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the ending distance is 1.5-0.62=0.88 m. Note that not all the scattered signals are with frequency
translation, the scattered signals are inevitably reflected by other objects. The zero-frequency
shift shown in Fig. 8(b) is caused by the signals reflected by the objects relative static to the
Doppler radar. In Case 2, the copper plate is replaced by the proposed time-domain digital-coding
metasurface with a modulated bias voltage, and the Doppler radar still moves forward linearly
toward the reflector with a velocity of +0.62 m/s and duration of 1 s. For a Doppler radar system
operating at f0, to compensate the linear Doppler shift ∆flinear by a time-domain digital-coding
metasurface, which generates a dominant frequency shift ∆fmod, that is, ∆fmod = −∆flinear, the

Fig. 8. (a) Experiment using Doppler cloak by the time-domain digital-coding metasurface.
A Doppler radar approaches the metasurface with a linear velocity, and the metasurface
was modulated by an arbitrary waveform generator with a discrete time-varying voltage to
generate an opposite artificial Doppler shift. Hence, we can obtain a zero-frequency shift to
demonstrate the Doppler cloak concept. (b) Case 1: Measured spectrogram of a copper plate
as a reflector. The Doppler radar with a linear movement velocity of +0.62 m/s, an expected
approximate Doppler shift of 23.97 Hz is measured. (c) Case 2: Measured spectrogram of
proposed metasurface as a reflector. The modulated frequency of the bias voltage was set
to 23.97 Hz, whereas for Doppler radar with a linear movement velocity of +0.62 m/s, the
artificial Doppler shift cancels the Doppler shift from the linear movement, and therefore a
zero-frequency shift is therefore obtained.
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modulated frequency of the discrete time-varying bias voltage should be fs = ∆flinear = 23.97
Hz. The periodical decreased reflection phase can mimic the motion of a recession and therefore
compensate for the Doppler shift from the motion of approach. The measured zero-frequency
shift from the spectrogram, as shown in Fig. 8(c), proves that the proposed metasurface can be
used as a Doppler cloak. The imperfect spectrogram in Fig. 8(c) is due to the metasurface being
designed for a normal small-angle incidence, and therefore not all reflected waves are modulated
by the metasurface.

5. Conclusion

In this study, we experimentally presented an active reflective metasurface with a proper time-
varying reflection phase that can be designed as a Doppler cloak. We have theoretically extracted
the necessary reflection phase conditions to compensate for the Doppler shift from linear moving.
A metasurface composed of 21 × 21 = 441 voltage-controlled varactor diodes with a 3-bit
reflection phase is designed and fabricated. Using a 3-bit coding strategy, the harmonic frequency
shifts are suppressed. When discrete reflection phase states of the metasurface are coded by
binary sequences, one can control the artificial frequency shift of the reflected signal by using
elaborate coding strategies. Moreover, by changing the modulation frequency of the reflection
phase, the proposed active metasurface can induce an arbitrary frequency shift, and the output
velocity of a Doppler radar can be controlled, that is, a Doppler radar illusion occurs. In summary,
the proposed time-domain digital-coding metasurface is a potential candidate for use in a Doppler
cloak, Doppler radar illusion, Doppler cancellation in vehicle-to-vehicle communications, and
wireless communications.
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