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Broadband radar invisibility 
with time‑dependent metasurfaces
V. Kozlov*, D. Vovchuk & P. Ginzburg

Concealing objects from interrogation has been a primary objective since the integration of radars 
into surveillance systems. Metamaterial‑based invisibility cloaking, which was considered a promising 
solution, did not yet succeed in delivering reliable performance against real radar systems, mainly 
due to its narrow operational bandwidth. Here we propose an approach, which addresses the issue 
from a signal‑processing standpoint and, as a result, is capable of coping with the vast majority of 
unclassified radar systems by exploiting vulnerabilities in their design. In particular, we demonstrate 
complete concealment of a 0.25 square meter moving metal plate from an investigating radar system, 
operating in a broad frequency range approaching 20% bandwidth around the carrier of 1.5 GHz. The 
key element of the radar countermeasure is a temporally modulated coating. This auxiliary structure 
is designed to dynamically and controllably adjust the reflected phase of the impinging radar signal, 
which acquires a user‑defined Doppler shift. A special case of interest is imposing a frequency shift that 
compensates for the real Doppler signatures originating from the motion of the target. In this case 
the radar will consider the target static, even though it is moving. As a result, the reflected echo will 
be discarded by the clutter removal filter, which is an inherent part of any modern radar system that 
is designed to operate in real conditions. This signal‑processing loophole allows rendering the target 
invisible to the radar even though it scatters electromagnetic radiation.

The invention of radars was soon followed by extensive research and development of counter measures, the most 
well-known being the invention of stealth  technology1. By employing special geometric designs and carefully 
selected materials, a reduction of the target’s radar cross section and the resulting backscattered energy was suc-
cessfully achieved, substantially reducing distances between the radar and the target for successful detection. In 
addition to stealth technology, numerous active jamming countermeasures have been  developed2. In this case, 
carefully engineered signals are transmitted to the investigating radar systems, which then processes them as 
if they are real echoes, causing the system to wrongly conclude such estimation parameters as range, velocity 
and number of targets in the scene. Less sophisticated systems content with blinding the interrogating radar by 
transmitting random noise, which serves to degrade the signal to nose ratio in the  receiver3,4. The field of meta-
materials5–11 (to some extend adopting ideas from frequency selective surfaces, previously developed by the radio 
frequency community), has further advanced the ability to cloak objects of interest from investigation by intro-
ducing man-made materials to tailor electromagnetic  scattering12. Numerous approaches were  undertaken13–17, 
giving rise to the concept of an invisibility cloak, yet all of the passive methods suffered from narrow bandwidth, 
polarization sensitivity and bulky  designs18, reducing the practical application of such devices. In addition to 
narrow bandwidth and other operational shortcomings, these cloaks tended to lose their properties when moving 
with respect to the radar. To overcome this problem, a ‘Doppler cloak’ was suggested theoretically as a way to 
restore the invisibility of moving cloaked  objects19. The implementation of such Doppler cloaks was theorized to 
be possible in the continuous wave case by using a metasurface with time-dependant scattering  properties20, yet 
the suggested metasurface was still narrowband. To the best of the author`s knowledge, this manuscript presents 
the first experiment conducted to demonstrate the Doppler cloak (a micro-Doppler cloak was experimentally 
 shown21). It is worth noting that during the process of the manuscript publication two valuable works have been 
 published22,23. The authors, however, submitted a patent at April 2020, which claims an independent development 
of the approach. The investigation ahead takes a few steps forward, showing theoretically and demonstrating 
experimentally that practical broadband radar invisibility is achievable with semi-passive (non-radiating) Dop-
pler cloaks by exploiting an often-overlooked vulnerability of most contemporary radars.

Modern radar systems can simultaneously measure the location and radial velocity of investigated targets. 
In the simplest terms, their method of operation is based on transmitting modulated (for example pulsed) 
electromagnetic radiation towards a target and recording the reflected  echoes24–26. From the delay between the 
transmitted and received signals (time of flight) the range to the target can be deduced, while the phase difference 
between consecutive pulses, produced by the Doppler effect, allows the measurement of the instantaneous radial 
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velocity. Our semi-passive approach to radar invisibility does not require transmitting signals to confuse or jam 
the radar, nor does it require a lot of a priori knowledge about the type of radar at hand. Instead, a temporally 
modulated reflecting coating is suggested, which can control the time dependent phase of the electromagnetic 
field as it is backscattered towards the interrogating radar. The proposed invisibility concept is depicted on Fig. 1.

Owing to the fact that the Doppler information is extracted from the difference in the phase of consecutive 
pulses, dynamically controlling the reflected phase from the target produces backscattered echoes, which con-
tain fake Doppler signatures that are indistinguishable from the ones created by genuine motion. It is therefore 
possible to deceive a radar system into concluding it is observing a moving target when the target is in fact 
stationary. More importantly, the proposed method makes it possible to compensate the real phase difference 
between consecutive pulses, which originates from the movement of the target, thereby cloaking the signatures 
of motion and making the target appear stationary to the radar. It is worth stressing that the Doppler-cloaked 
target still scatters a lot of energy since it is not employing any method of scattering suppression. The proposed 
method only serves to deny the interrogating system information about the target’s instantaneous velocity, which 
is crucial for the proper operation of numerous radar systems relying on clutter removal methods, such as the 
moving target indicator (MTI)  filter27–30. The absence of Doppler information originating from the target will 
make it indistinguishable from the surrounding clouds, mountains and ground, which can backscatter much 
more energy with very small Doppler shifts. This means that the MTI filter will remove the energy related to the 
target along with the rest of the clutter, rendering it effectively invisible to the radar.

For narrowband radars, typically defined as those having less than 5% bandwidth around the carrier fre-
quency, it is sufficient to cloak the Doppler signature around the carrier. For broadband signals, on the other 
hand, the Doppler shift in the entire range should be cloaked, requiring broadband phase matching as will be 
discussed ahead.

The manuscript is organized as follows: first, a theoretical outline of the metasurface Doppler cloak is pre-
sented and its broadband cloaking capabilities are analysed. Additional pathways to increasing the operation 
bandwidth are further discussed before the experimental section. Then an experimental implementation is 
demonstrated, showing close agreement with the theoretical model.

Theory and modelling
In order to understand the operation of the metasurface Doppler cloak, it is instructive to consider a single 
dipole, which allows gaining physical insight into the phenomenon. This insight will be used to understand the 
basic operation principle behind the suggested broadband invisibility concept.

Controlling the scattered phase from a single dipole. It is well known that the polarizability of a 
dipole has a Lorenzian shape in the frequency  domain31, where near the resonance the phase is approximately 

Figure 1.  Illustration of the proposed invisibility concept. Two airplanes and a mountain are shown reflecting 
echoes back into the interrogating radar. The left plane is coated with a special metasurface, which dynamically 
controls the phase of the scattered electromagnetic pulse back into the radar. Temporal modulation of the 
metasurface causes the reflected phase to remain unchanged in time, even though the airplane is moving. This 
serves to conceal the Doppler signature of the aircraft, making it appear as stationary as the surrounding clutter 
(i.e. the ground or the mountains near the radar). This causes the radar to filter out the cloaked target together 
with the stationary clutter, rendering it invisible. The second airplane appears clearly against the backdrop of 
the mountains, even though it is a much smaller scatterer, due to the fact it can be detected using its Doppler 
signature.
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linear in frequency. The dipole is excited by an incident radiation, which is partially reflected back into the 
source (e.g. a radar antenna). If the resonant frequency of the dipole it temporally modulated, the scattered field 
acquires an additional time-dependent phase shift. Note that radar systems almost never rely on the amplitude 
of scattered echoes for detection, mainly due to its unpredictability in real environments and unidentified tar-
gets. Temporal modulation of the dipole is realized by incorporating a voltage-controlled capacitor (varactor) 
within the structure. Figure 2a demonstrates a lumped elements scheme for the scattering scenario containing 
the dipole and varactor. Here the impinging wave is represented by the voltage source Vin , while the resistance 
R, capacitance C, and inductance L characterize the dipole and depend on the material composition and geo-
metric shape of the resonator. Placing a voltage dependant varactor in the feeding gap of the dipole can serve 
as a resonance-shifting element, allowing control over the scattered phase, shown in Fig. 2b. The varactor is 
represented on the scheme as an additional capacitor Cv  in parallel to the dipole’s natural one (C). The current 
flowing through the resistor is related to the scattered electromagnetic field and its phase is the goal of the fol-
lowing derivation. The current in the frequency domain is given by:

where ω is the angular frequency of the impinging radiation. It is important to note that a time scale separation 
method is used to derive Eq. (1)32,33. Here the assumption is that any time-dependent changes in the varactor’s 
capacitance are far slower than the carrier frequency of the exciting radiation. In this case, the dipole may be 
considered as stationary at any particular time, solving the fast scattering problem while keeping the capaci-
tance Cv(t) as a parameter. As it will be shown ahead, the required modulation frequency of the varactor is of no 
more than a few kHz, while typical radar systems transmit above 1 GHz, making this approximation perfectly 
justifiable.

The phase of the current in Eq. (1) is given by:

(1)i =
jω(C + Cv(t))Vin

1+ jωR(C + Cv(t))− ω2L(C + Cv(t))
,

(2)ϕ = tan−1

(

Im{i}

Re{i}

)

= tan−1

(

ω2L(C + Cv(t))− 1

ωR(C + Cv(t))

)

.

Figure 2.  Controlling the scattered phase from a dipole using a varactor. (a) The equivalent circuit of the 
scattering scenario—a dipole is represented by internal inductance, Ohmic + radiation resistance R , capacitance 
C and an additional varactor capacitor Cv , which is introduced within the structure. (b) Resonance control—
tuning the bias voltage drop on the varactor serves to shift the resonance of the dipole, which affects the 
amplitude and phase of the scattered field. Orange lines—unity normalized amplitudes of the current on the 
wire, green dashed lines—corresponding phases. Nominals of the varactor are given in the legends. (c) Color 
map of the achievable phase shift of the scattered field as a function of varactor capacitance and incident wave 
frequency.
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Figure 2b summarizes the results of Eq. (2), demonstrating that the phase undergoes rapid change from π to 0 
around the resonant frequency, which is controlled by the varactor capacitance. Other system parameters used for 
the plot are: C = 0.1pF, L = 0.1µH and R = 50� . It is important to note that these values were chosen in order 
to obtain a response similar to the one found in the experiment, yet this combination is obviously not unique. 
Since radar systems are not sensitive to absolute phase, but rather to the phase difference between consecutive 
pulses, it is more instructive to inspect the change in phase as a function of varactor capacitance:

where Cv(0) is assumed to be 0 for simplicity. Plotting Eq. (3) versus the incident frequency f = ω/2π produces 
Fig. 2c, where a knife-like image may be seen. Any horizontal cut-line of the knife represents a phase shift 
versus frequency, similar to the plots shown on Fig. 2b (specifically subtraction between thin and bold dashed 
green lines). On the other hand, controlling the bias of the voltage drop on the varactor diode while keeping the 
incident frequency constant, is equivalent to taking a vertical cut-line in Fig. 2c. It can be seen that with increas-
ing varactor capacitance the phase goes from 0 to π abruptly in an almost step-like manner, with the transition 
capacitance depending on the incident frequency. This transition capacitance is located along the knife’s edge, 
and its accurate conditions will be derived later on. The conclusion from the above discussion is that for any 
frequency of incident radiation, it is possible to continuously induce up to a π phase shift in the reflected field 
by carefully tuning the bias voltage of the varactor diode. While this π-shift can severely hamper the ability of 
an investigating system to deduce instantaneous velocity, full control over 2π phase is desirable for achieving 
complete invisibility, as will be discussed ahead.

Achieving 2π phaseshift. As demonstrated above, a single dipolar scatterer is not sufficient to provide full 
phase control over the reflected wave, motivating the development of more advanced configurations. Hereinaf-
ter we show that resonator-based reflect arrays, often termed as metasurfaces, indeed can allow controllable 2π 
phase shift of the reflected waves. A typical example is a structure with a switchable characteristic impedance, 
which has properties resembling either perfect electric or a perfect magnetic conductor. In this case the reflec-
tion coefficient varies from ‘− 1’ to ‘1’ respectively and thereby allowing to obtain full control over the reflected 
 phase20,34. While analytic models for arrays of scattering dipoles do  exist35,36, they might be quite cumbersome for 
obtaining immediate physical insights. In addition, these models tend to neglect losses, higher-order multipolar 
interactions, edge effects in finite sized systems and several other aspects, which might be important in practi-
cal realizations. Instead, it is frequently preferable to use full wave numeric simulations in order to optimize the 
metasurface and obtain the desired results. This is the approach undertaken ahead using the time domain finite-
difference time-domain (FDTD) method implemented in CST Studio, capable to perform large-scale full-wave 
electromagnetic simulations at moderately low computational efforts. Figure 3a shows a single unit cell of a 9 × 9 
array of dipoles on a dielectric substrate (FR-4, εr = 4.3 ), which is located above a metallic surface, assumed to 
be a perfect electric conductor. The metallic surface represents the target that is to be cloaked. A biasing network, 
made out of thin wires, provides the temporal modulation of the voltage drop, which is used to control the capac-
itance of the varactor. An additional capacitor Cω(ω) is shown in parallel to the varactor, however it will only be 
required later on and is assumed to be disconnected in the following discussion. Figure 3b shows a color map 
of the phase shift of the reflected field as a function of substrate thickness (distance between the dipole and the 
metal surface, denoted as ‘h’ on Fig. 3a) and incident frequency. The map is obtained by repeating the full wave 
simulation for different substrate thicknesses, while discretely switching the capacitance between the maximum 
and minimum values of 2.6pF and 0.6 pF, in accordance with the datasheet of the varactor diode that is used in 
the experimental set up. A full 2π phase shift is thus clearly achievable for substrate thicknesses between about 2 
and 15 mm, when the other dimensions are fixed at d = 50 mm, l = 40 mm, ls = 42 mm, ws = 10 mm, w = 10 mm, 
the dipole width is 1 mm and the width of the biasing network wires is much smaller than 1 mm. It is worth 
noting that this numerical optimization of the entire structure allows approaching experimental realization quite 
closely, as will be seen later.

Figure 3c shows the phase shift of the metasurface as a function of the incident wave frequency and the var-
actor’s capacitance, bearing a remarkable resemblance to Fig. 2c. Indeed, a knife-like image can be seen on both 
plots. The key difference, however, lies in the fact that a maximal controllable phase shift of 2π can be obtained 
with this array, unlike the π phase shift attainable with a single dipole. The resulting array is similar to the phase 
switched  screen37, which was previously used to redistribute the reflected energy outside of the receiving radar 
band, therefore making it less visible to the interrogator. This was achieved by fast switching of reflectivity 
between two values, causing broadband modulation of the incident field. Our report, however, investigates a 
perturbative and quasi-static approach, which does not significantly modulate the frequency of the incident 
wave—this is highly important in the case of wide-band radar systems and provides significantly better perfor-
mances in passive deception applications, since the low frequency modulation does not radiate at the switching 
frequency. The purpose of our modulation is to produce a linear time dependent phase shift of the backscattered 
field, which exactly compensates for the linear phase shift produced by the motion of a target via the Doppler 
effect. The linearity of the phase can be achieved by modulating the bias voltage in time with the inverse function 
of the capacitance-phase relation shown on the vertical cuts of Fig. 3c, which serves to ‘straighten out’ the phase 
dependence on time at the frequency of interest. However, linear phase response is not retained across the entire 
band, seeing as the threshold varactor capacitance, which is the edge of the knife in Fig. 3c, varies from frequency 
to frequency. Additional correction must be taken to achieve broad phase matching.

(3)

�ϕ(Cv(t),ω) = ϕ(t)− ϕ(0)

= tan−1

(

RCv(t)ω

1+
(

R2C(C + Cv(t))− L(2C + Cv(t))
)

ω2 + L2C(C + Cv(t))ω4
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Broadband phase matching. In order to achieve broadband performance, it is necessary to control the 
phase change across a range of frequencies with an identical (shared along the band) driving varactor bias volt-
age. The time dependant varactor biasing approach, summarized in Fig. 3c, shows that the discussed metasur-
face might not cover the entire bandwidth of a wideband radar system (typically defined as above 5% around 
the carrier). The reason is that for a range of frequencies the phase difference transitions from 0 to 2π occures at 
different varactor capacitance values. In order to achieve a broadband response, the knife-shape of Fig. 3c should 
be transformed into a rectangular form, where the transition from 0 to 2π occurs at the same cutoff values of the 
varactor capacitance, leading to broadband phase matching. To accomplish this goal, an additional frequency-
dependent capacitor is introduced within the circuit in parallel with the varactor, as shown on Fig. 3a. The goal 
of this new element is to ‘straighten out the knife’ by shifting the frequency dependent threshold capacitance 
toward lower varactor values. In the case of the single dipole discussed earlier, this transitional cutoff capacitance 
Cω(ω) may be derived from Eq. (3) by updating the lumped elements scheme to include the new dispersive ele-
ment Cv → Cv + Cω and setting �ϕ = π

4
 as a convenient but arbitrary value for the threshold, after which the 

phase difference transitions from 0 to 2π . It is then possible to solve and obtain an expression for Cω:

Analysis of Eq. (4) shows that Cω is a decaying function of frequency (for the values of L, C and R that were 
used before) and its plot versus frequency is in fact the edge of the knife shown on Fig. 2c. For the array of dipoles, 
on the other hand, no simple formula exists and a numerical approach must be undertaken in a similar fashion by 
using the color map of Fig. 3c in order to obtain the threshold capacitance. Figure 3d shows a simulation, which 
is identical to the one performed in Fig. 3c, with the exception of an additional frequency dependent capacitor 
that was placed in the gap of each dipole in the array. The frequency dependant capacitor was modelled as two 
subwavelength metallic plates with a frequency dependant dielectric material in between. The material demon-
strates anomalous dispersion, which resembles the leading edge of the “knife’s edge”, and provides, in fact, the 
required rectifying capacitance Cω . It can be seen that after adding this capacitor, around 300 MHz of bandwidth 
become available for simultaneous phase switching. This represents more than 20% of bandwidth around the 
carrier (assuming the carrier is in the middle of the band). An additional shift of the rectified knife in comparison 
with the knife shape in Fig. 3c is observed. This is due to the addition of the new capacitor, and is expected due 
to the fact the dispersive capacitance values do not vanish anywhere in the observed frequency band, serving to 
lower the resonant frequency of the array. It is also worth noting that the impedance of the dispersive capacitor 
does not obey Foster’s reactance theorem and −1/(ωCω) is decreasing with frequency. In the above discussion 

(4)Cω(ω) =
1+

(

R2C2ω2 +
(

LCω2 − 2
)

LCω2
)

RCω − R2C2ω2 − LCω2
(

LCω2 − 1
)C.

Figure 3.  Numerical modelling of the metasurface Doppler cloak, constructed from a 9 × 9 array of dipoles 
on a substrate above a metal ground plane which represents the target to be concealed. (a) A single unit cell 
containing the dipole, varactor and biasing network. (b) Relative phase shift as a function of distance h between 
the dipole and metallic target, as well as the frequency of the incident radiation. (c) The phase shift as a function 
of varactor capacitance and incident frequency for dielectric width h = 6 mm (d) Improving the operational 
bandwidth—the phase shift from the metasurface after adding an additional frequency dependant capacitor  Cω, 
shown on (a).
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we proposed using dispersive dielectric materials between the capacitor’s electrodes. Furthermore, active circuits 
are already proven to provide these desired  capabilities38.

Experiment
In order to demonstrate the capabilities of the described metasurface at concealing a large target from an investi-
gating radar, an experimental device was fabricated and is shown on Fig. 4. The array of 9 × 9 dipoles was manu-
factured according to the simulation presented in the previous section with the same dimensions. The dipoles 
were chemically etched from a copper surface that was deposited on top of a dielectric FR-4 substrate. SMV1405 
varactors were soldiered in the dipole gaps, while the edges of the dipoles were soldiered to thin wires forming 
the biasing network. The array of dipoles was glued on top of a supporting structure, which was transparent to 
centimetre waves and served as a spacer of 15 mm, altogether forming the metasurface. This metasurface was 
designed to be placed in front of the metal plate, which was the target to be hidden from the radar. The target 
covered by the metasurface was placed on a polyester structure that connected it to a motorized conveyor belt, 
which enabled moving it forward and backward with a controllable speed reaching up to about 0.04 m/s. A 
stepped frequency continuous wave (SFCW) radar system was implemented with a Network Analyzer, which 
is capable of sweeping the entire band of interest (1.2–1.7 GHz) while recording the amplitude and phase of the 
received echoes from the target. This type of radar is typically used in ultra-wideband applications since it is able 
to transmit carriers sequentially, while the receiver is locked on the transmitted frequency in a predefined time 
window. This architecture allows avoiding expensive high frequency samplers that would otherwise be needed 
for sampling extremely short  pulses39. The radar’s antenna was placed directly in front of the moving conveyor 
inside an anechoic chamber and served both for transmitting and receiving the radiation (monostatic radar 
scheme), linearly polarized in the direction of the dipoles (horizontal).

Moving the concealed target without modulating the bias voltage produced linear phase shifts in time as can 
be seen on Fig. 5a,b, which show forward and backward motion correspondingly at constant velocity of 0.03 m/s 
and under 1.5 GHz radar illumination. It can be observed that the full span of 2π phase was traced in the pro-
cess of the movement as expected. In the following experiments the target was moved at a constant velocity of 
− 0.03 m/s (negative sign indicating motion away from the radar) while various bias voltages were applied to the 
metasurface. Since the relationship between the modulating voltage and scattered phase is not linear, a calibration 
procedure was first performed. By applying a linear voltage modulation to the biasing network while keeping the 
target stationary, the nonlinear temporal phase profile was recorded. Applying the inverse of that function back 
into the input of the biasing network produced the calibrated linear phase shown on Fig. 5c, where a maximal 
phase shift of �φ = 330◦ is achieved, close to the theoretical maximum. It is noted that the phase modulation 
produced by the metasurface is very similar to the one produced by actual motion, as seen on Fig. 5b. Controlling 
the modulation frequency fm of the metasurface (which is the frequency of the applied periodic voltage drop on 
the biasing network) while moving the target leads to plots on Fig. 5d,e,f. The sign of the frequency indicates the 
direction of phase modulation (positive and negative signs correspond to increasing and decreasing phase in 
time, accordingly). The modulation frequency controls the slope of the phase shift φMetasurface(t) which is added 
together with the phase shift produced by the motion of the target via the Doppler Effect as follows:

Figure 4.  Experimental verification demonstrating the invisibility concept. A metal plate of 0.25 square meters 
is covered by a metasurface cloak, which is constructed from an array of dipoles with varactors in their gap, 
allowing temporally modulating its properties. The concealed target can move on the conveyor belt while being 
observed by the radar system.
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Figure 5d,e,f show the results for the moving target while different modulation frequencies are applied to the 
metasurface. In Fig. 5d the modulation is of the same polarity as the real motion of the target, leading to their 
phases adding up as in Eq. (5). The result is an overall faster changing slope, corresponding to faster motion than 
that of the real target. In contrast, Fig. 5e has the modulation polarity in the opposite direction to that of the real 
motion, causing the target to appear slower than it is, as well making it appear to be moving towards the radar 
while in reality it is moving away from it. The key figure is Fig. 5f, where the modulation slope is very close to 
the one created by the real motion of the target, but with opposite polarity, causing almost complete flattening 
of the phase as a function of time. This corresponds closely to the case φDoppler(t) = −φMetasurface(t) , however 
slight oscillations of the moving platform in the experiment prevented perfect cancelation. This modulation 
frequency causes the structure to appear almost stationary to the radar, which means the MTI filter will consider 
it as clutter, concealing the presence of the target as will be shown ahead. Finally, it is noted that the amplitude 
of the reflected signal is modulated as well, as seen in Fig. 5g. Since radar systems tend to rely on the phase of 
reflected echoes and not their intensity, this amplitude modulation will not affect the results ahead.

One of the most popular methods of extracting Doppler information from the phase difference of consecu-
tive pulses is by using a fast Fourier transform (FFT) filter bank. This method, as many other alternatives, serves 
to average out the signal, which is reminiscent of finding the fittest linear approximation to the function. For 
real targets in field conditions the phase difference is unlikely to be perfectly linear, partially owing to the fact 
that the target may fluctuate, e.g. change direction rapidly, enter an area that degrades SNR conditions, or have 
different moving parts that add additional modulation to the reflected echoes, termed micro-Doppler40–42. The 
phases in the plots shown on Fig. 5a–f were multiplied by the imaginary unit j, exponentiated and put through 
an FFT filter bank in order to estimate the velocity of the target from the peak of the FFT output, as shown on 
Fig. 6. Figure 6a shows the output of the FFT for various modulation frequencies with the green dashed line 
being the output for the moving target without any modulation of the metasurface. The two orange-shade lines 
correspond to modulation frequencies of ± 0.5 Hz. For the positive modulation, the output estimates a larger 
velocity than the ground truth, as shown by the orange dashed outline and in correspondence with the phase in 
Fig. 5d. Conversely, for the negative modulation the target appears slower to the radar as well as heading in the 
opposite direction (towards it), in correspondence with the phase profile of Fig. 5e. The key result is represented 
by the red curve on Fig. 6a, which shows that a modulation frequency of − 0.33 Hz shifts the perceived velocity 
of the target to 0, making it appear as stationary to the radar as any of the surrounding clutter. This result is in 
correspondence with Fig. 5f. Figure 6b shows the same results as Fig. 6a but with the additional processing of an 
MTI filter implemented as a two-pulse canceller, performed before the FFT processing.

(5)
φtot(t) = φDoppler(t)+ φMetasurface(t),

φMetasurface(t) = fm�φt.

(6)yk = xk − xk−1,

Figure 5.  Analysis of moving targets—phases and amplitudes. V is the true velocity of the structure,  fm is the 
temporal modulation frequency of the metasurface cover. (a–e)—Profiles of the temporal phases retrieved by 
the radar for various real velocities and metasurface modulation frequencies fm (negative modulation frequency 
corresponds to a receding phase slope). (f) Modulation frequency compensates the Doppler effect, causing an 
almost flat phase profile in time (g) The normalized temporal amplitude at the radar receiver for stationary 
target with modulation fm = 0.33Hz .
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where xk = eiφk and φk are samples of the phase as shown on Fig. 5. Intuitively, the above filter will remove any 
static contributions of the signal, leaving only time-dependent components that change in between the samples. 
This can be seen more rigorously by taking the Z-transform of Eq. (6). The transfer function of the two pulse 
canceler MTI is

which has zeros at normalized discrete frequencies of 2πn , where n = 0,1,2 and so on. This means that the DC 
contribution of the received signal, i.e. the clutter, is removed by the filter. The maximal passband is achieved at 
normalized discrete frequencies of π(2n+ 1) , meaning it is preferable to down-sample the phase vector xk in a 
way that would allow the expected Doppler frequencies to pass without significant attenuation. This approach was 
undertaken to produce Fig. 6b, where the output of the FFT, corresponding to metasurface modulation frequency 
of − 0.33 Hz, is completely attenuated. The curves corresponding to modulation frequencies of − 0.5 Hz and 0 Hz 
are also slightly attenuated by the filter due to their relatively low velocity, while the output of the FFT remains 
virtually unchanged for the modulation frequency of 0.5 Hz. Small side-lobes remain due to the fact the phase 
is not completely flat, as shown in Fig. 5f. It is observable that the output of the FFT is somewhat coarse, which 
is the result of processing only a relatively small time window (and therefore a small amount of samples as per 
the transfer function restrictions discussed above). This constrain solely relates to the experimental setup, since 
a short conveyor belt was used and the observation time was limited. It is worth noting that typical settings for 
airborne target detection are tuned to remove anything moving slowly in the scene, since this can be associated 
with wind, birds and other nonstationary clutter that will otherwise produce false alarms. However, it should 
be recalled that residual scattering, which does not undergo time modulation, can leak trough the MTI filter, 
disclosing the target.

While Fig. 6 shows the output of the FFT for a select group of metasurface modulation frequencies, it is desir-
able to demonstrate full control over the velocity measured by the radar. To do so, the experiments mentioned 
earlier were repeated for 5 different real velocities of the cloaked target, as well as 25 different modulation fre-
quencies, producing Fig. 7. Two important lines are drawn and marked ‘real velocity line’ and ‘invisibility line’ 
respectively. The first indicates the velocity of the target without applying any modulation to the metasurface. The 
second reveals the required modulation frequency of the metasurface in order to conceal the target (by shifting 

(7)H(z) = 1− z−1
,

Figure 6.  The output of the radar after Doppler FFT processing (a) without MTI filtering and (b) with MTI 
filtering. Correct choice of metasurface modulation frequency can shift the measured velocity to 0, which will 
cause the MTI to filter out the target with the rest of the clutter, making it invisible to the radar.
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its effective Doppler signature to 0). A linear relation between the modulation frequency and the measured 
velocity is observed, in accordance with Eq. (5). Some of the data points represented by the green x’s on Fig. 7 
are the same ones used in Fig. 6, as well as in Fig. 5.

The experiments above were done for a single incident radar carrier frequency of 1.5 GHz. The same experi-
ments were repeated for different incident frequencies with similar results, the difference being that a new 
calibration procedure was required at every frequency due to the fact the threshold capacitance is a function 
of frequency. If a frequency dependent capacitor is introduced within the design, up to 20% bandwidth can be 
achieved and a complete concealment of the target will be observed, as it was shown in the simulations on Fig. 3d. 
While the above experiment is conducted to conceal a metallic plate, similar procedures could be undertaken 
to extend the invisibility to a more complex shape. The metal plate may be thought of as a small part of a larger 
object, with the cloak deforming in accordance to the entire shape of the object that needs to be covered. Fur-
thermore, conformal designs can be developed along with the general approach, developed beforehand.

Summary and discussion
The problem of radar invisibility was revisited from a signal processing point of view. While quite a few efforts 
in the field concentrate on the scattering suppression approach, our proposal demonstrates how to use loopholes 
in radar’s post processing for concealing a target. Specifically, any real radar system uses a filter bank to improve 
SNR and cope with extremely small echoes from the targets of interest. One of the most dominant sources of 
noise in the receiver originates from static or slowly moving clutter, which causes substantial backscattered 
electromagnetic energy. Moving target indicators, regardless of their particular implementation, rely on Doppler 
information to isolate an object of interest from a clutter. Our approach uses this extremely powerful technique 
as a weakness. Temporally modulated metasurface covers were shown to be capable of imprinting arbitrary 
Doppler shifts on to the backscattered echoes. More importantly, they were shown to be able to compensate 
for real Doppler shifts caused by genuine motion of the target, causing a moving target to look like a stationary 
one. Its worth stressing that any unclassified radar system, operating under real outdoor conditions (not in an 
isolated environment, e.g. an anechoic chamber) will filter out zero-Doppler targets, even though they reflect 
quite a substantial amount of energy. This phase-based realization has significant advantages over amplitude 
approaches, which aim on suppression of the reflected energy. For example, reducing the reflection by a factor 
of 2 will lead to only 3 dB SNR reduction, which is quite negligible for most radar systems, operating with 90 dB 
and even higher dynamic ranges. To further advance the presented cloaking method, future research should 
focus on providing all-incident-angle coverage, as well as all incident polarization, in addition to the need to 
deform the cloak as to encompass complexly shaped targets.
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