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Multi-state Chipless RFID Tags for Robust
Vibration Sensing

Ashkan Azarfar, Nicolas Barbot, and Etienne Perret

Abstract—This paper introduces multi-state chipless RFID tags
which can be utilized to enhance the vibration sensing range
and reading robustness in real environments. The proposed
multi-state chipless tag consists of a resonant scatterer trapped
between two different dielectric layers, which causes the near-
field boundary of the scatterer to be modulated during vibration
and results in the appearance of multiple modulation states. The
motion-induced near-field modulation provided by the multi-state
chipless tag is much more effective than the natural Doppler
modulation caused by vibration, which significantly increases the
modulated portion of the backscattered power, and consequently,
enlarges the sensing range. The backscattering from the vibrating
multi-state chipless tag is studied using presented mechanical and
electromagnetic models which are verified by simulations. The
designed multi-state chipless tag is implemented and the concept
is experimentally proven. The differential RCS of the vibrating
multi-state chipless tag is 45 times greater than that of a vibrating
classical chipless tag, which translates into an increase of factor
2.5 in the read range. The multi-state chipless RFID tag is utilized
to successfully detect a sub-millimeter vibration through a wall
in an indoor environment at low microwave frequencies, while
the vibrating tag is located at 2.5 m distance.

Index Terms—Backscatter modulation, Chipless Radio Fre-
quency IDentification (RFID), differential Radar Cross Section
(RCS), resonant scatterer, vibration sensing

I. INTRODUCTION

NON-CONTACT vibration sensing based on coherent
interferometry has been firstly established using op-

tical approaches [1], [2]. Essentially in vibrometry based on
Doppler coherent interferometry, the ratio of the vibration
amplitude and the operating wavelength which defines the
modulation index, is the most important parameter in defining
the sensitivity (or the resolution) of the vibrometry. The optical
vibrometry techniques provide a very high resolution due to
their nanometer wavelength, while their performance is signifi-
cantly affected by the environment where a line of sight (LOS)
to the target is always needed. Microwave and millimeter-
wave vibrometry [3] has been developed based on the same
principle as optical methods (coherent interferometry) while
the microwave signals can pass through different materials
(except metals) which alleviates the LOS concern, although the
resolution of the vibrometry is obviously lower in microwave
compared to the optical approaches.

The microwave vibrometry has been employed in different
applications such as fault detection in mechanical and civil
structures [4]–[7], vital signs (respiration and heart beat rate)
detection for health care monitoring [8]–[14], vocal vibration
sensing for speech retrievement [15]–[18], and human gesture
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recognition [19]. Basically, all the microwave vibration sensors
can be considered as a coherent Doppler radar which is
realized either in Continuous Wave (CW) mode [4], [6], [7],
[9]–[15] or Frequency Modulated Continuous Wave (FMCW)
mode [5], [16], where the operating carrier frequency, the
radar architecture, and the applied post-processing methods
have important roles in the resolution, read range, and the
accuracy of the vibration sensing. Generally, to achieve better
sensitivity in most of the applications, high carrier frequencies
(24 - 160 GHz) are preferred to design the sensing radar [5],
[7], [9], [11], [16], [18], however, the implementation com-
plexity and cost are also increased. Note that, although the
vibration-induced phase modulation is greater at mm-waves
(higher modulation indexes), the large free-space path loss
at these high frequencies degrades significantly the sensing
performance in term of read range (for a definite emitted
power level) which cause that in most of the presented
works [5], [7], [9], [11], [16], [18] the maximum sensing
distance cannot be practically upper than 2.5 m. On the other
hand, specific radar architectures [10], [11], [16] and post-
processing techniques [5], [12]–[14], [17] have been also
introduced to improve the vibration sensing performance in
the mentioned applications at low carrier frequencies as 2.4
and 5.8 GHz [12]–[14], while the maximum read range in
these cases is also limited by 0.5 m. Indeed, although the path
loss is lowered as the carrier frequency decreased, the phase
modulation index is also reduced significantly which degrades
the sensitivity and the sensing range.

The key point worth to mention is that, in all these
works [4]–[19], the only considered modulation source is the
natural vibrational motion of the target object which induces
a phase (Doppler) modulation on the backscattered wave. In
fact, for a specific coherent Doppler radar system working at
a defined carrier frequency and emitted power level, to detect
an object (with defined RCS) vibrating with a fixed amplitude,
the maximum reachable sensing range of the system is directly
proportional to the modulated part of the backscattered power,
which is fixed for the specific vibrating object and cannot be
modified unless another non-linear or time-variant effect (in
addition to the Doppler modulation caused by vibration) is
added somehow into the target object.

Radio Frequency (RF) tags attached or positioned close
to the vibrating target object can be efficiently utilized to
introduce an extra modulating effect in the coherent vibration
sensing scenario and to improve the sensing performance. For
example, RF harmonic tags [20] and UHF RFID tags [21]
which respectively consists a non-linear and a modulating
electronic component can be applied to enhance the vibration
sensing performance. This idea has been presented in 2012
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by [22] where an RF harmonic tag is employed to provide a
perfect environment clutter rejection and to robustly sense the
human respiration at the distance of 1 m using a harmonic
coherent Doppler radar working at the low carrier frequency
of 2.45 GHz. With the same approach as [22], harmonic UHF
RFID tags have been used in [23] for vibration sensing while
the identification capability is also included compared to [22].

The Near-field Coherent Sensing (NCS) approach has been
demonstrated in [24] for vital sign monitoring. Basically
in [24], a harmonic RFID tag is positioned close to the body
chest and the movement caused by the heart beat produces
a varying near-field boundary for the tag antenna which its
radiation is strongly coupled into the body. This time-varying
near-field boundary change is modeled as a load modulation
for the tag antenna which can be retrieved from the amplitude-
modulated backscatter wave with a coherent reader. The most
important point in the approach proposed by [24] is that with
a very low carrier frequency of 950 MHz and a vibration
amplitude less than 1 mm (heart beat motion), the significant
modulation contribution is due to the near-field changing
effect while the Doppler (phase) modulation produced by this
vibration is quite small at this frequency and it is very hard
to be detected. The idea in [24] has been applied later for
sleep scoring in [25] and for vocal cord vibration sensing
in [26]. However, in all the approaches presented by [22]–
[26], the utilized RF tags include an electronic component
which increases the tag structure complexity and its fabrication
cost, and also arises some environmental issues for the large
scale usage of the tags. It is why, in-contact microwave sensors
composed of passive resonators which do not include any
electronic component have been used in [27] and [28] to
respectively detect the throat vibration and fingertip pulse
based on the near-field modulation (similar to the concept
of the NCS in [24]). However, the in-contact passive sensors
presented by [27], [28] need to be positioned tightly in contact
with the human body and to be measured using costly physical
connections which no longer allows remote retrieval of data.

The chipless RFID technology [29]–[31] has been mainly
introduced to reduce the tag fabrication cost compared to
classical UHF RFID, whereas the reading range of the chipless
RFID tags (≈ 30 cm) is much smaller than that of classical
UHF chipped RFID tags (several meters) due to the Linear
Time-Invariant (LTI) properties of the chipless tags [32].
Chipless technology has been employed in different sensing
applications such as movement sensing [33], [34], tempera-
ture sensing [35], [36], humidity sensing [37], and electric
permittivity sensing [38], [39] while the sensing range in all
these works is limited by 50 cm. Recently in [40]–[42], it has
been demonstrated that moving chipless tags can be detected
in large distances (up to several meters) with the Doppler
modulation which breaks the LTI property for chipless tags. It
should be mentioned that, same as [4]–[19], the Doppler effect
is the only considered motion-induced modulation source
in [41], [42]. However, an extra motion-induced modulating
effect (as the near-field boundary variation) can be always
implemented in the chipless tag design. Using this idea, the
modulation efficiency of the moving chipless tags can be
enhanced significantly compared to pure Doppler-modulated

Fig. 1. Structure of the proposed multi-state chipless tag. (a) Side view. (b)
Front view. (c) Rectangular wire loop scatterer.

chipless tags presented in [41], [42].
In this paper, we propose motion-modulated multi-state

chipless RFID tags for vibration sensing which provide a
near-field boundary modulation in addition to the Doppler
modulation when they are attached to a vibrating object. This
concept is used to detect the vibration much more effectively
compared to when only the Doppler modulation is produced
by the vibration. The proposed approach can be applied for
robust vibration sensing in large distances while the target
object can be also identified. The paper is organized as
follows. Section II presents the structure of the multi-state
chipless tag and introduces the developed multi-physics model
for backscattering from the tag during vibration. Section III
describes the tag implementation and the measurement bench,
and discusses the experimental results in terms of sensing
range and robustness. Finally, Section IV concludes the paper.

II. PRINCIPLE OF OPERATION AND MODEL

A. Multi-state chipless tag structure

The structure of the proposed multi-state chipless tag which
provides a near-field boundary modulation as it vibrates, is
shown in Fig. 1. Basically, as it is shown in Fig. 1 (a) and
(b), the chipless tag is composed of a rectangular loop wire
resonant scatterer which is trapped in between of the two
dielectric layers. The length, the height, and the mass of the
rectangular wire loop are respectively Ls, hs, and ms while
the diameter of the wire (which is equal to the thickness of the
loop) is ws [Fig. 1 (c)]. The two dielectric layers DL1 and DL2
are formed as two rectangular slabs with the length of L and
the respective heights of h1 and h2 and they are attached to
each other at four vertices attachment points such that the gap
distance between them is tightly fixed by a dielectric holder
and spacer with the thickness of Dg and the height of hd.
The two dielectric slabs DL1 and DL2 have respectively a
thickness of w1 and w2, a relative permittivity of ϵr1 and
ϵr2, and a mass of m1 and m2. The thickness of the loop
ws and the gap distance Dg is considered such that the loop
scatterer can freely move in between the two dielectric layers
(Dg > ws).

B. Mechanical Model

We assume that the multi-state chipless tag is vibrating
along x-axis and it is positioned parallel to the gravity di-
rection (z-axis) as shown in Fig. 2 (a). The amplitude and
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Fig. 2. (a) Backscattering from the vibrating multi-state chipless tag. (b)
Distribution of the electric field over the cross-section of the multi-state
chipless tag simulated at the three resonance frequencies associated with each
state where the field confined region is shown with the dashed ellipse.

angular frequency of the vibration is respectively Dv (with
Dv > Dg) and ωv . In this configuration, the dielectric holder
of the tag keeps the loop scatterer in between the two dielectric
layers and prevents the loop to fall down. Moreover, the loop
scatterer can have a free but bounded motion between the two
dielectric layers along x-axis since Dg > ws. In fact, due the
vibrational motion of the tag, the loop is bouncing between
the surfaces of the two dielectric layers. From physical point
of view, when the tag is attached to a vibrating object, since
naturally the mass of the vibrating object mo (e.g. human
body or a mechanical structure) is much greater than the one
of the tag (mo ≫ m1 + m2 + ms), to analyze the bounded
motion of the loop, the friction force between the loop and
the holder can be neglected compared to the force that caused
the vibration. Consequently, the bouncing motion of the loop
during the vibration of the tag can be modeled by considering
the multiple collisions of the loop with the two dielectric layers
while it is not affected by the friction and the gravity forces.
For the assumed single tone vibration, the position of the left
surface of DL1 [x1(t)] and the right surface of DL2 [x2(t)]
when the loop is bouncing between them can be written in
time as 

x1(t) = −Dg

2
+Dv sinωvt (1a)

x2(t) =
Dg

2
+Dv sinωvt (1b)

To analyze the multiple collisions of the loop, it is assumed
that ms ≪ m1+m2 = mb (where mb is the total mass of the
tag body: the two connected dielectric layers) and the collision
of the loop and the dielectric layers is elastic, which can be

Fig. 3. Calculated steady state bouncing trajectory of the trapped loop
scatterer between the two vibrating dielectric layers during one vibration
period.

briefly expressed in terms of momentum and kinetic energy
conservation equations asmsv
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where v−s and v+s are the velocity of the loop respectively
before and after each collision, and v−b and v+b are those of the
tag body. It should be mentioned that (2) is identically applied
for the both collisions on the left and right side surfaces since
the two dielectric layers are tightly connected. The motion
trajectory of the bouncing loop between the two dielectric
layers during the vibration of the tag can be obtained using
a successive numerical solution based on (1) and (2). For
example, for Dv = 0.5 mm, Dg − ws = 0.05 mm, and
mb = 100ms, the steady state bouncing trajectory of the
loop xs(t) is shown in Fig. 3 for one period of vibration
Tv = 2π/ωv . The parametric study of the problem results in
the fact that, regardless of the vibration frequency fv = 1/Tv ,
for Dv ≫ (Dg − ws), the steady state bouncing trajectory of
the loop during each period of vibration can be divided into
three intervals with associated states as: the ‘State 1 (S1)’ for
the interval q1 = [τ , Tv/2− τ ] in which the loop scatterer is
almost in touch with DL1 , the ‘State 2 (S2)’ for the interval
q2 = [Tv/2+ τ , Tv − τ ] in which the loop scatterer is almost
in touch with DL2, and the ‘Transition State (TS)’ for the
interval q3 = [0 , Tv] − (q1 ∪ q2) in which the loop scatterer
is somewhere between DL1 and DL2, as it is illustrated in
Fig. 3. However, the S1 and the S2 cover the main portion
of the vibration period (almost the first half-cycle in S1 and
almost the second half-cycle in S2) while the TS covers less
than 10% of the vibration period which means τ < Tv/10.
Accordingly, the steady state bouncing trajectory of the loop
xs(t) can be approximated for each vibration period as

xs(t) = x1(t) t ∈ q1 (S1) (3a)
xs(t) = x2(t) t ∈ q2 (S2) (3b)
x2(t) < xs(t) < x1(t) t ∈ q3 (TS) (3c)
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TABLE I
CHARACTERISTICS OF THE DESIGNED MULTI-STATE CHIPLESS TAG

w1 0.2 mm ws 0.4 mm

w2 8 mm hs 2.5 mm

ϵr1 2.4 Ls 30 mm

ϵr2 1.3 Dg 0.45 mm

h1 = h2 60 mm L 60 mm

which can be used to model the problem in term of electro-
magnetic behaviour. Worth mentioning that, since the position
of the loop scatterer with respect to the two dielectric layers
changes during vibration (the three states for the tag structure),
the proposed chipless tag is called ‘Multi-State (M-S)’ tag,
whereas for the specific case of Dg = ws, the presented
chipless tag behaves like classical chipless tags that their
structure does not change during the vibration, and so it is
called ‘Single-State (S-S)’ tag.

C. Backscattering form vibrating multi-state chipless tag

Fig. 2 (a) illustrates the vibrating M-S chipless tag impinged
by a vertically polarized (z-polarized) plane electromagnetic
wave at the frequency f0 which can be expressed as

E⃗i(r⃗) = E0 ejkx ẑ (4)

where k = 2π/λ, λ = c0/f0, and c0 is the free space light
velocity. Generally, for the rectangular loop scatterer with
hs ≪ Ls which is located in the free space and its smaller
side is aligned with the z-axis, the fundamental resonant mode
of the loop is perfectly excited by the incident z-polarized
wave when Ls = λ/2. However, since the rectangular loop is
sandwiched between the two dielectric layers in the proposed
M-S chipless tag, the near-field boundary condition of the
loop scatterer is significantly affected by the two dielectric
layers and their characteristics as thicknesses (w1, w2), relative
permittivities (ϵr1, ϵr2), and the gap distance between the loop
and the layers (Dg−ws). So, the status of the M-S chipless tag
(S1, S2, or TS) has an effect on the near-field distribution of
the loop scatterer. Definitely, this near-field boundary variation
between different states of the tag will change the resonance
frequency of the fundamental mode of the loop scatterer,
and consequently, modifies the scattering parameters of the
chipless tag. To demonstrate this fact using numerical study,
a M-S chipless tag with the characteristics noted in Table I is
simulated by CST Microwave Studio. With the configuration
shown in Fig. 2 (a), the M-S chipless tag is simulated while
it is assumed stationary in the three states (S1, S2, and TS)
and impinged by the z-polarized plane wave. It should be
mentioned that, in the transition state (TS), without lacking
generality, the loop is positioned exactly in the middle of the
two dielectric slabs in the simulation. The tag is impinged by
the z-polarized plane wave (4) with 4.2 < f0 < 4.35 GHz and
E0 = 1 V/m, and the z-polarized backscattered wave gener-
ated by the fundamental resonant mode of the loop scatterer is
calculated by simulation. Accordingly, the vertical scattering
parameter of the M-S chipless tag Svv(f0) is obtained for

Fig. 4. Magnitude and phase of the vertical scattering coefficient Svv as a
function of frequency simulated at the three states of the M-S chipless tag.

the three states as it is shown in Fig. 4, while the resonance
frequency of the tag in the S1, S2, and the TS is respectively
fδ1 = 4.264 GHz, fδ2 = 4.276 GHz, and fr = 4.270 GHz.
The cross-section view of the electric field distribution around
the loop scatterer (in a 4×4 mm square area of the tag cross-
section) is given in Fig. 2 (b) at the associated resonance
frequencies of the three states of the tag. As it can be observed
in Fig. 2 (b), although the considered gap between the loop
and the two dielectric layers (Dg − ws = 0.05 mm) is very
small compared to the wavelength [(Dg−ws)/λ ≈ 7×10−4],
the near-field distribution of the loop scatterer is relatively
modified for the three different states of the tag such that
the electric field of the fundamental mode in S1 and S2 is
respectively more coupled to DL1 and DL2, while in TS
the field is mostly confined in between the two dielectric
layers. This near-field variation caused by the very small gap
is translated to a significant variation of the scattering response
of the tag in different states. This is the key idea of the paper
that how this slight near-field modulation in M-S chipless tags
can efficiently improve the modulation capability of the tag
when it moves.

The backscattered field from the vibrating M-S chipless tag
can be analytically formulated based on the simulation results
obtained for the three states of the tag shown in Fig. 4 and
the trajectory of the tag shown in Fig. 3. For the incident
plane wave at f0, the complex scattering coefficient of the
tag Svv(f0) in the three states S1, S2, and TS is respectively
considered as ρ1 e

jϕ1 , ρ2 ejϕ2 , and ρ3 e
jϕ3 (for example, the

scattering coefficient in each state is shown in Fig. 4 for
f0 = fδ1 ). Worth mentioning that, for (Dg − ws)/λ ≪ 1
which causes the near-field of the loop scatterer to be strongly
coupled into the two dielectric layers, regardless of where
exactly the loop is located in between the two dielectric layers
(at the middle [corresponds to the simulation result shown in
Fig. 4] or at anywhere in between), the resonance frequency
of the tag in TS is always bounded between the resonance
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frequency of the tag in S1 and S2 (fδ1 < fr < fδ2).
As it is shown in Fig. 2 (a), considering both vibration-
induced modulations (the near-field boundary modulation and
the natural Doppler modulation), the periodic time-varying
complex envelope of the backscattered field E⃗s(r, t) from the
vibrating M-S chipless tag can be expressed in each period of
vibration as

E⃗s(r, t) = ẑE0
e−jkr

r
×


ρ1e

jkϕ1ejβ sin (ωvt) t ∈ q1

ρ2e
jkϕ2ejβ sin (ωvt) t ∈ q2

ρ3e
jkϕ3ejβ sin (ωvt) t ∈ q3

(5)

where β = 4πDv/λ is the Doppler modulation index. In
fact in (5), the three different scattering coefficients (ρ1 ejϕ1 ,
ρ2 e

jϕ2 , and ρ3 e
jϕ3 ) associated with the three states of the

chipless tag (S1, S2, and TS) are considered in the corre-
sponding time interval (q1, q2, and q3) in each vibration period,
which imposes a quasi-digital amplitude-phase modulation on
the backscattered wave. In addition, a continuous sinusoidal
phase (Doppler) modulation due to the vibrational movement
of the tag is considered on the backscattered wave expressed
in (5). It should be mentioned that, the result obtained in
(5) can be also calculated using a sequence of frequency-
domain simulations in which the position and the status of the
chipless tag is changed at each step according to (1) and (3).
This approach is called “frozen-time” solution based on quasi-
stationary approximation [43]. The results obtained by frozen-
time simulations (as a reference solution) and the analytical
expression in (5) are compared in the following.

D. Time and frequency domain analysis

To clearly demonstrate how the backscattered wave is modu-
lated by the vibrating M-S chipless tag, the backscattered field
is studied in time and frequency domain. The time-domain
variation of the modulated backscattered field calculated by
the frozen-time simulation is presented in Fig. 5 (a) and (b)
respectively in terms of In-phase/Quadrature (I/Q) components
and magnitude/phase profiles. The simulation is done for the
vibrating M-S chipless tag with the characteristics noted in
Table I at the frequency f0 = fδ1 = 4.264 GHz while
Dv = 0.5 mm and the field monitor is located at 1 m distance
from the tag in CST setup. The I/Q diagram shown in Fig. 5 (a)
displays the fact that the modulation induced by the vibrating
chipless tag can be considered as a multi-state modulation
(like what is basically implemented in chipped UHF RFID
with two states [21]) in which the modulated signal is mostly
concentrated around two points in the I/Q plane associated
with the two main states of the chipless tag (S1 and S2), while
the small variation of the signal around S1 and S2 is caused by
the vibration-induced phase (Doppler) modulation. In addition,
the phase and magnitude variation of the backscattered field is
presented in Fig. 5 (b) during one period of vibration showing
that both the magnitude and phase profiles drastically change
at the transition state. However, at the two main states (S1
and S2) of the tag, the magnitude of the backscattered wave
remains constant and the partially sinusoidal phase variation
is observed due to the Doppler modulation. Moreover, the I/Q

Fig. 5. (a) I/Q diagram and (b) magnitude/phase profile of the modulated
backscattered field from the vibrating M-S (at f0 = fδ1) and S-S (at the
resonance f0 = 4.269 GHz) chipless tag obtained by frozen-time simulations.
(c) I/Q diagram and (d) magnitude/phase profile of the backscattered field
form the vibrating M-S chipless tag at f0 = fδ1 calculated based on (5) with
simulated stationary scattering coefficients shown in Fig. 4. The simulation
results for the M-S and S-S chipless tag shown in (a) and (b) are superimposed
in (c) and (d) for comparison.

diagram and magnitude/phase profile of backscattered field
from the vibrating M-S chipless tag at f0 = fδ1 is compared
with those of the vibrating S-S chipless tag (which corresponds
to the specific case of Dg = ws with the same Dv = 0.5 mm)
at its resonance frequency (f0 = 4.269 GHz) respectively in
Fig. 5 (a) and (b). As it can be observed, the vibrating S-S
tag has the classical circular arc I/Q path which is associated
with the constant magnitude and the sinusoidal phase variation.
Obviously, the vibrating M-S chipless tag provides a much
longer I/Q path compared to the vibrating S-S tag which shows
the vibrating M-S chipless tag can more efficiently modulate
the backscattered wave. Finally, Fig. 5 (c) and (d) respectively
show the I/Q diagram and the magnitude/phase profile of
the backscattered field from the M-S chipless tag which is
analytically calculated using (5) with ρi e

jϕi ; i = 1, 2, 3
obtained from the simulation results shown in Fig. 4 (a) and
(b) at f0 = fδ1. The analytically calculated results are in good
agreement with those obtained by simulation and consequently
prove the validity of (5).

Besides the time domain analysis, considering the imposed
modulation by the vibrating M-S chipless tag in the frequency
domain will provide a good insight about the exact behaviour
of the proposed backscatter modulation technique. Since the
modulated backscattered field in (5) is a periodic function with
the same period as the vibration, it can be expressed in term
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Fig. 6. Calculated Fourier coefficients of modulated backscattered field from
the vibrating M-S and S-S chipless tag. Calculations have been done based
on frozen-time simulations and the analytical expression in (5).

of Fourier expansion as

E⃗s(r, t) = E0
e−jkr

r
ẑ

+∞∑
n=−∞

Cne
jnωvt (6)

where Cn is the Fourier coefficients of the modulated
backscattered field, which can be obtained based on the
simulation results and also based on (5). Accordingly, the
frequency representation of the backscattered field can be
written as

E⃗s(r, f) = E0
e−jkr

r
ẑ

+∞∑
n=−∞

Cn δ(f − nfv) (7)

The magnitude of the calculated Cn for the backscattered wave
from the vibrating M-S tag at f0 = fδ1 = 4.264 GHz and the
S-S chipless tag at f0 = 4.269 GHz are presented in Fig. 6. It
is obviously illustrated in Fig. 6 that the level of the modulated
harmonics at nfv, n ̸= 0 are much higher (especially for |n| >
2) for the vibrating M-S tag in comparison with the S-S tag,
which results in a larger modulated backscattered power as it
was predicted.

It should be mentioned that in all the above-presented
results, the position of the loop scatterer is considered exactly
at the middle of the two dielectric layers during the transition
state (xs(t) = [x1(t) + x2(t)]/2 ; t ∈ q3), while it does
not affect the general validity of the obtained results since
the position of the loop in TS just change the ρ3 e

jϕ3 point
through which the signal pass for a very small portion of the
vibration period.

E. Differential RCS

The concept of differential RCS (delta RCS or σd) has
been originally introduced for chipped UHF RFID tags where
the differential RCS of a tag is calculated based on the two
chip impedance states [44]. Recently in [45], the concept of
differential RCS has been generalized for all the modulating
tags based on a frequency-domain analysis. Essentially, the
differential RCS is a range-independent parameter [exactly
like the classical RCS (σ)] which perfectly shows how much
a modulating tag (tag with any kind of time-varying prop-
erty) can efficiently modulate the backscattered wave, and

Fig. 7. Calculated differential RCS of the vibrating M-S and S-S chipless tag.
The stationary RCS of the S-S chipless tag is superimposed for comparison.

accordingly, the read range of the tag can be estimated based
on the measured differential RCS using the radar equation.
Assuming that the modulating tag is excited at a definite
carrier frequency, the σd in [45] is directly related to the total
power carried by the modulated frequency components around
the carrier in the backscattered signal. According to [45], the
differential RCS of the vibrating M-S chipless tag at f0 can
be calculated based on (7) and expressed as

σM-S
d (f0)= lim

r→∞
4πr2

∫
B
|E⃗s(r, f)|2 df

|E0|2
=4π

+∞∑
n=−∞
n ̸=0

|Cn|2 (8)

where B = (−∞, 0−] ∪ [0+,+∞) is the zero-excluded
integration interval removing the unmodulated portion of the
backscattered power located at f0. Using the same calculation
method in [41], the differential RCS of a vibrating S-S
(classical) chipless tag with a RCS of σ(f0) has been obtained
as

σS-S
d (f0) = σ(f0)(1− [J0(β)]

2) (9)

where J0(β) is the zero-order first kind Bessel function and
β is the Doppler modulation index. The calculated differential
RCS of the vibrating M-S chipless tag based on (8) and that of
the vibrating S-S chipless tag based on (9) are shown in Fig. 7.
The RCS of the stationary S-S chipless tag simulated with CST
is also plotted to have an idea about the maximum achievable
differential RCS. The differential RCS of the vibrating M-S
chipless tag is maximized at f0 = 4.271 GHz located between
fδ1 and fδ2 (the resonance frequencies of the tag in the two
main states S1 and S2) which is very close to the resonance
frequency of the tag in the transition state (fr = 4.270 GHz).
Note that since the considered gap in the M-S chipless tag is
very small (Dg − ws = 0.05 mm), the resonance frequency
of the S-S chipless tag (Dg = ws) is also quite close to
the fr = 4.270 GHz. The important result shown in Fig. 7
is that the maximum differential RCS of the vibrating M-S
chipless tag is significantly higher (> 15 dB) than that of the
vibrating S-S tag, which theoretically verifies the main idea of
the paper in term of differential RCS enhancement based on
motion-induced near-field modulation. The great improvement
achieved in differential RCS by using the M-S chipless tag
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definitely leads to enlarging the vibration sensing range and
increasing the sensing robustness in real scenarios.

Although the differential RCS of the vibrating M-S chipless
tag is calculated based on the general formula in (8), it is very
important to analytically express the differential RCS in terms
of the stationary scattering parameters of the tag, like what has
been done for vibrating classical (S-S) chipless tags in (9) [41].
This kind of analytical expression can be efficiently used to
predict the resultant differential RCS based on stationary pa-
rameters. Since it has been clearly shown that the contribution
of the Doppler modulation is negligible compared to the near-
field boundary modulation for the vibrating M-S chipless tag
(Fig. 7), it is logical to suppress the vibration-induced phase
(Doppler) modulation terms in (5), and to approximate the
backscattered field in each state with a time-independent state
value, which yields a real multi-state transponder model for
the vibrating chipless tag expressed by a stochastic process as

E⃗s(r, t) = ẑE0
e−jkr

r
×


ρ1 e

jϕ1 p = p1

ρ2 e
jϕ2 p = p2

ρ3 e
jϕ3 p = p3

(10)

where p1, p2, and p3 are the respective probability assigned
to the field state values at S1, S2, and TS. These probabilities
can be defined based on the time portion during which the tag
remains in each state in one period of vibration. Accordingly,
they can be considered as p1 = 0.46, p2 = 0.46, and p3 =
0.08 while the transition state is assumed to be passed such
quickly that its associated probability is less than 0.1. Based
on the approach presented in [46], the analytical expression
of σMS

d for the vibrating M-S chipless tag is derived in terms
of stationary scattering coefficients associated to each state as

σM-S
d (f0) = 4π

3∑
i=1

pi|ρi ejϕi − ρ̄|2 (11)

where ρ̄ =
∑3
i=1 pi ρi e

jϕi is the expectation of the scattering
coefficients. The calculated differential RCS of the vibrating
M-S chipless tag based on the analytical expression in (11)
is also presented in Fig. 7 which is perfectly in accord with
the results obtained using (8). This fact proves the validity of
(11) and demonstrates that the proposed chipless tag can be
accurately modeled as a multi-state modulating transponder
when it vibrates, while the involved modulation significantly
increase the differential RCS of the vibrating chipless tag.

III. RESULTS AND DISCUSSION

A. Tags implementation

Fig. 8 (a) and (b) respectively show the implemented
prototype of the M-S chipless tag and the S-S chipless tag.
Both tags are implemented on a single rectangular 8× 10 cm
piece of foam sheet (foam support) which will be attached to
a loudspeaker to realize the vibration. Note that the design
characteristics of the M-S chipless tag used for the simulation
indicated in Table I have been selected based on the fabricated
prototype. For the M-S chipless tag, a rectangular copper-wire
loop with Ls = 28.5 mm, hs = 2.6 mm, and ws = 0.4 mm
is created and it is trapped between a 4 × 4 cm polyester

Fig. 8. Fabricated prototype of the (a) M-S and (b) S-S chipless tag. (c)
Architecture of the classical coherent IQ transceiver. (d) Measurement bench
used for vibration sensing in the anechoic chamber.

(PET) sheet with w1 = 0.2 mm and ϵr1 ≈ 2.4, and the foam
support with w2 = 8 mm and ϵr2 ≈ 1.3. As it is indicated
in Fig. 8 (a), the PET sheet is DL1 and the foam support is
DL2. The PET sheet (DL1) is attached to the foam support
(DL2) using silicon glue at the four vertices points as it is
shown by four red circles in Fig. 8 (a). In the meantime, a
PET holder and spacer with the thickness of Dg = 0.5 mm
and hd = 1.9 cm has been tightly sandwiched between the
PET sheet and the foam support. The PET spacer will fix
the gap distance between DL1 and DL2, while it will also
hold fixed the orientation and position of the loop scatterer
as shown by the red ellipse in Fig. 8 (a). Thus, the M-S
chipless tag has been implemented according to the proposed
structure in Fig. 1 with Dg −ws ≈ 0.1 mm. However, due to
the limitations of the fabrication process it was not possible
to realize the S-S chipless tag with the same case as in the
simulation to put Dg = ws. In fact, to do that the PET
spacer should be removed to make the loop tightly sandwiched
between the PET sheet and the foam support. Nevertheless,
because of the flexibility of the PET sheet, an undesired gap
is still remained which breaks the required condition for S-
S chipless tag. Consequently, the S-S chipless tag is realized
in a different way as shown in Fig. 8 (b). Actually, to avoid
any gap in the structure of the S-S chipless tag with the same
rectangular loop scatterer, a super narrow slot is cut by blade
through a spongy foam holder and the loop is firmly inserted
into the foam holder as it is illustrated in Fig. 8 (b). The
spongy foam holder is glued to the same foam support on
which the M-S chipless tag has been realized, and the foam
support is attached to a loudspeaker in the measurement bench.
It should be mentioned that, although the structure and the
used dielectrics for the implemented M-S and S-S chipless
tag are different, the resonance frequency of the tags will also
be different. Despite this, as the dielectric loss of all used
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materials (foam, PET, and spongy foam) are negligible, the
stationary RCS of both realized tags is almost identical.

B. Measurement bench in anechoic chamber

Similar to all vibration sensing methods based on coherent
microwave interferometry, the vibrating multi-state chipless
tag also can be measured using the classical coherent IQ
transceiver with the architecture shown in Fig. 8 (c) where
a single microwave oscillator is employed for both transmit-
ting (TX) and receiving (RX) part to perfectly satisfy the
coherency. However, in this work, the coherent IQ transceiver
is realized using an RF signal generator (HP 8720D) and a
spectrum analyzer (Tektronix RSA3408A) while their internal
oscillators are synchronized using a common 10 MHz refer-
ence signal. The measurement bench used for the experimental
study in the anechoic chamber is presented in Fig. 8 (d). The
bench is composed of the signal generator and the spectrum
analyzer which are respectively connected to the TX and RX
antennas (A.H. Systems SAS-571) both configured in vertical
polarization. The vibration is realized using a loudspeaker
which is mounted vertically on a stand as shown in Fig. 8 (d).
In this configuration, the diaphragm of the speaker vibrates
horizontally (parallel to the ground surface and perpendicular
to the gravity direction) and the foam support of the fabricated
tags is attached to the diaphragm such that the larger side of the
loop is aligned horizontally. Consequently, the implemented
condition for the vibrating M-S chipless tag is compatible
with the presented mechanical model. The loudspeaker is fed
by a low-frequency (LF) signal generator shown in Fig. 8 (d)
providing the sinusoidal voltage signal as Vm sin 2πfvt which
cause the loudspeaker to produce a single tone vibration. Due
to the non-uniform frequency response of the loudspeaker,
to produce the maximum range for the vibration amplitude,
the vibration frequency is set at fv = 58 Hz where the
diaphragm mechanically resonates. Worth mentioning that,
since from mechanical point of view the functionality of the
presented method is independent of the vibration frequency,
the specific choice for fv does not affect the experimental
proof of concept. The amplitude of the voltage fed to the
speaker is set Vm = 2.5 V while the corresponding vibration
amplitude is measured as Dv = 0.48 mm [41] which is
close to what has been used in simulations. The loudspeaker
is positioned at d = 1.2 m distance from the antennas to
fulfill the far-field radiation condition. The RF signal source
generates stepped CW carriers at f0 = 4.5 : 0.01 : 5.3 GHz
with the power of Pt = 0 dBm while the spectrum analyzer
captures the reflected signal in a BW = 1 kHz span around
each carrier.

C. Vibration sensing performance

The performance of the M-S and S-S chipless tags in vibra-
tion sensing is examined based on the measured differential
RCS of each tag. According to (8), the differential RCS of the
vibrating chipless tags can be calculated based on the Power
Spectral Density (PSD) of the backscattered signal Sr(f)
measured by the spectrum analyzer. Thus, the differential part

Fig. 9. (a) Measured differential RCS of the vibrating M-S and S-S chipless
tags as a function of carrier frequency f0. The case ‘No tag’ is for when the
loop scatterer is not present on the loudspeaker. (b) Differential backscattered
power from S-S and M-S vibrating chipless tag as a function of sensing
distance. (c) Measured PSD of the modulated backscattered signal from the
vibrating M-S and S-S chipless tag at their respective resonance frequencies.

(modulated part) of the backscattered power Pbs d at the carrier
f0 is obtained as

Pbs d(f0) =

−ϵm∫
−BW/2

Sr(f) df +

+BW/2∫
+ϵm

Sr(f) df (12)

where 2ϵm is the minimal bandwidth which allows to remove
the power at f = 0 Hz (f = 0 Hz corresponds to the f0 after
down-conversion in the spectrum analyzer). Based on the well-
known radar equation, the measured differential RCS at f0 can
be expressed as

σd(f0) =
(4π)3d4Pbs d(f0)

λ2GrGt(1− |Γr|2)(1− |Γt|2)Pt
(13)

where Gr , Γr and Gt , Γt are respectively the gain and the
input reflection coefficient of the receiving and the transmitting
antennas. The measured differential RCS of the vibrating
loudspeaker calculated using (12) and (13) is presented in
Fig. 9 (a) as a function of carrier frequency f0 for the three
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Fig. 10. (a) Measured raw I/Q components of the backscattered signal from
the vibrating M-S and S-S chipless tag as a function of time. Two-dimensional
time histogram of the measured I/Q data samples in the I-Q plane for the
vibrating (b) M-S and (c) S-S chipless tag. The scale and the length of the
I/Q axes are identically set for plots in (b) and (c).

cases: 1) the loop scatterer is configured in the M-S tag on the
foam support, 2) the loop scatterer is configured in the S-S tag
on the foam support, and 3) the loop scatterer is not present on
the foam support (‘No tag’). The resonance associated to the
M-S (f0 = 4.74 GHz) and the S-S (f0 = 5.01 GHz) vibrating
chipless tag is clearly recognized in terms of differential
RCS as it is shown in Fig. 9 (a), while no resonance is
observed for the ‘No tag’ case. As previously explained, the
difference between the resonance frequencies of the M-S and
S-S chipless tags is natural due to the fact that they have not
been realized with the same structure (the used dielectrics).
The most important result illustrated in Fig. 9 (a) is that the
maximum level of the differential RCS obtained by the M-S
chipless tag is almost 15 dB higher than that obtained by the S-
S tag, which is perfectly in agreement with what was predicted
based on the analytical and simulation results shown in Fig. 7.
The observed resonance in the differential RCS profiles of both
vibrating tags (M-S and S-S) demonstrates the identification
capability for the vibrating chipless tag. However, obviously,
the maximum detection range for the M-S chipless tag will
be significantly larger than that of the S-S chipless tag, while
the vibration amplitude is the same for both tags. This fact
has been experimentally verified by measuring the differential
backscattered power Pbs d from both S-S and M-S vibrating
chipless tags in their respective resonance frequency while the
transmitted power Pt has been decreased, which is equivalent
to increasing the sensing distance. By decreasing Pt from
0 dBm to −30 dBm at the fixed distance of d = 1.2 m, the
equivalent increasing distance can be calculated using the radar
equation, and consequently, the measured Pbs d is obtained
as a function of equivalent distance as it is shown in Fig. 9
(b). By considering the sensitivity of the receiver at Prmin =
−95 dBm, the M-S chipless tag can provide up to 8 m sensing
range with Pt = 0 dBm which is at least 2.5 times larger than
what can be reached using the S-S chipless tag. This is a great

Fig. 11. (a) Measured I/Q diagram and (b) measured magnitude/phase profile
of the modulated backscattered signal from the vibrating M-S chipless tag at
the resonance frequency associated with the maximum differential RCS. The
calculated I/Q path and magnitude/phase profile based on the model are added
for comparison.

improvement in vibration sensing performance provided by the
extra vibration-induced modulation effect (near-field boundary
modulation) included in the M-S chipless tag. Note that in
terms of chipless tag detection range, the achieved result here
is a 2.5 times range improvement over what was obtained
based on Doppler modulation in [41] where the read range
has been already increased by a factor of 10 compared to
classical stationary chipless RFID. In addition, the PSD of
the modulated backscattered signal from the vibrating M-S
and S-S chipless tags [Sr(f)] at their respective resonance
frequencies are presented in Fig. 9 (c). Obviously, the large
number of vibration harmonics (up to the 8th harmonic) can
be easily detected with the M-S tag whereas the only first
vibration harmonic is detectable with the S-S tag.

D. Verification of the operational principle

To clarify the exact physical phenomenon involved in the
measurement process of the implemented vibrating M-S chip-
less tag, the modulated backscattered signal has been also
experimentally studied in the time domain. The spectrum an-
alyzer has been used in real-time mode with 1.28 kS/s sample
rate to record the I/Q data associated with the backscattered
signal for 0.4 sec which includes almost 23 vibration periods
(Tv = 1/58 sec). Fig. 10 (a) presents the raw I/Q data captured
by the spectrum analyzer for the M-S and S-S chipless tag at
their respective resonance frequencies. Obviously, in Fig. 10
(a), the variation of the I/Q components associated with the
M-S tag is certainly greater than those associated with the
S-S tag. The statistical behavior of the modulated signal is
studied using the histogram generated in the I-Q plane based
on the 512 recorded samples of the signal as shown in Fig. 10
(b) and (c). In good agreement with the presented stochastic
process model for the vibrating M-S chipless tag in Section
II. D, as it is shown by the histogram in Fig. 10 (b), the
signal samples are mostly concentrated around the two points
in the I-Q plane which corresponds to the two main states of
the vibrating M-S chipless tag. However, for the vibrating S-
S chipless tag, the signal samples in the histogram shown in
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Fig. 10 (c) are continuously varying in the I-Q plane along
a much smaller path compared to that associated with M-S
chipless tag shown in Fig. 10 (b). Finally, the I/Q diagram and
magnitude/phase profile of the measured backscattered signal
is respectively illustrated in Fig. 11 (a) and (b) during one
vibration period [the 17th period in the Fig. 10 (a)] which
are in accord with the theoretical results shown in Fig. 5.
The modulated signal is mainly varying around the S1 and
S2 points respectively shown in Fig. 11 (a) as γ1 e

jψ1 and
γ2 e

jψ2 , while the signal appears only four times around a third
point which is considered as TS with γ3 e

jψ3 value. However,
since the reflection from the environment is also included in
the measurement results, the I/Q path of the backscattered
signal from the vibrating tag can be arbitrarily transformed
(translation and rotation transform) in the I-Q plane due to
the contribution of the environment. Consequently, in contrast
to the simulations, it is not possible to determine the dielectric
layer (DL1 or DL2) with which the loop is in touch in
each state (S1 and S2) based on the measurement results.
In addition, note that since the measured I/Q data is just
proportional to the scattering coefficients of the tag and not
equal to that, the measured state values are presented with
γi e

jψi ; i = 1, 2, 3 instead of ρi e
jϕi ; i = 1, 2, 3. Based on

the presented model and using a formulation similar to (5), the
measured backscattered complex signal sr(t) can be written
by considering the state values γi e

jψi ; i = 1, 2, 3 as

sr(t) =


γ1e

jkψ1ejβ sin (ωvt) t ∈ q1

γ2e
jkψ2ejβ sin (ωvt) t ∈ q2

γ3e
jkψ3ejβ sin (ωvt) t ∈ q3

(14)

where ωv = 2π × 58 rad/sec and β is calculated for the
measurement with Dv = 0.48 mm and f0 = 4.74 GHz.
The results obtained based on (14) is compared with the
measurement results in Fig. 11 (a) and (b) where both I/Q
paths and the magnitude/phase profiles are in good agreement.
The constant magnitude and partially sinusoidal phase varia-
tion of the measured backscattered signal from the vibrating
M-S chipless tag during each state (S1 and S2) is verified
experimentally based on results shown in Fig. 11 (b), which
proves the presence of the near-field boundary modulation in
the implemented vibrating M-S chipless tag.

E. Through-the-wall vibration sensing in a real environment

The improvement of the vibration sensing range and the
sensing robustness which can be achieved using the pre-
sented M-S chipless tag is practically examined in a real
environment with a through-the-wall measurement scenario.
The same measurement bench as what has been introduced
in Section III. B is used to organize the through-the-wall
experimental setup shown in Fig. 12 where the loudspeaker
with the attached chipless tags is located in one office room
(office 1), and the RF signal generator, the spectrum analyzer
and the RX/TX antennas (all with the same settings as what
are mentioned in Section III. B i.e vertical polarization for
antennas, Pt = 0 dBm, f0 = 4.5 : 0.01 : 5.3 GHz, and
BW = 1 kHz) are located in the other adjacent office room
(office 2). The loudspeaker is fed by the LF signal generator

Fig. 12. Through-the-wall measurement scenario in a real indoor environment
which consists of two office rooms.

(also located in office 1) with the same fv = 58 Hz and
Vm = 2.5 V which produce Dv = 0.48 mm vibration
amplitude. The distance between the RX/TX antennas and
the loudspeaker is set d = 2.5 m while a 15 cm thick wall
(dwall = 15 cm) exists at the middle of the backscattering path.
The differential RCS of the vibrating loudspeaker is measured
through the wall as a function of carrier frequency f0 with
the scenario already used in the anechoic chamber (Section
III. C) and the results are presented in Fig. 13 (a). Comparing
the results shown in Fig. 9 (a) and Fig. 13 (a), demonstrates
that vibrating M-S chipless tag can be perfectly detected even
through the wall and in the real environment, whereas the
vibrating S-S chipless tag cannot be easily recognized. In
fact, due to the multi-reflections caused by the wall and the
multi-path effect in the real environment, some significant
fluctuations appeared in the measured differential RCS profiles
shown in Fig. 13 (a), which makes more difficult the detection
of the vibrating tag. However, since the resonance peak level
of the differential RCS for the vibrating M-S chipless tag at
f0 = 4.74 GHz is still almost 5 dB greater than the fluctuations
peaks, the vibrating M-S chipless tag is well detected. In
contrast, the resonance peak of the differential RCS for the
vibrating S-S chipless tag at f0 = 5.01 GHz is dominated with
the fluctuation peaks level, and consequently, the detection
of the S-S tag is impossible in this case. The measured
PSD of the backscattered signal Sr(f) at the corresponding
resonance frequencies of the M-S and S-S chipless tags shown
in Fig. 13 (b) clearly illustrate that the vibration harmonics
(up to the 3rd harmonic) can be sensed through the wall and
in a real environment from 2.5 m distance using the M-S
chipless tag, while no harmonic is sensed with the S-S chipless
tag. This result again highlights the fact that the Doppler
modulation induced by the vibration with Dv = 0.48 mm
at the low carrier frequency of f0 = 4.74 GHz is such small
that it cannot be detected in the real scenario at distances
greater than 1 m, while of course, the presence of the wall
barrier makes it absolutely impossible. However, the near-
field modulation effect provided with the M-S chipless tag
significantly increases the differential RCS so that the sub-
millimeter vibration can be sensed even in the problematic
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Fig. 13. (a) Through-the-wall measured differential RCS of the vibrating
M-S and S-S chipless tags as a function of carrier frequency f0. The case
‘No tag’ is for when the loop scatterer is not present on the loudspeaker.
(b) Through-the-wall measured PSD of the modulated backscattered signal
from the vibrating M-S and S-S chipless tag at their respective resonance
frequencies.

practical situation at low microwave frequencies.

IV. CONCLUSION

The robust and relatively long-range vibration sensing
method has been proposed based on the multi-state chip-
less RFID tags which are composed of resonant scatterers
that are affected by the motion-induced near-field boundary
modulation. The tag structure was designed and its behavior
during vibration has been described with mechanical and
electromagnetic models, which clearly demonstrates the in-
volved physical concept. The presented multi-physics model
has been verified using quasi-stationary full-wave simulations.
The achieved enhancement in vibration sensing performance
and potentially in identification capability has been explained
based on the differential RCS which is analytically expressed
for the vibrating multi-state chipless tag using a stochastic
model. The prototype of the designed multi-state chipless tag
has been implemented and all the proposed theoretical results
have been proven in the measurements. The experimental
results show an increase of a factor of 45 on the differential
RCS which translates into an increase in read range of 2.5
compared to a classical chipless tag moving in the same way.
Compared to a stationary chipless tag, the increase in the
read range is a factor of 25. The sub-millimeter vibration has

been perfectly detected at low microwave frequencies from
large distances up to 2.5 m while the vibrating fully-passive
multi-state chipless tag is located behind the wall in an indoor
environment. In addition, the tag has been identified based
on the observed resonance in the measured differential RCS
profile. The presented concept can be effectively employed
in human health and mechanical fault monitoring applications
while the proposed low-cost multi-state chipless tags can be
widely fabricated and used for these goals. This technique is
also compatible for long-distance identification. In this case,
as with stationary chipless tags, the amount of information is
related to the number of resonators present in the tag and to
the frequency band that can be dedicated to the application.
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