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Abstract—The performance of different chipless RFID tag
topologies are analysed in terms of Radar Cross Section (RCS)
and Bit Error Rate (BER). It is shown that the BER is mainly
determined by the tag Radar Cross Section (RCS) once that
a standard reading scenario is considered and a fixed size of
the tag is chosen. It is shown that the arrangement of the
resonators in the chipless tag plays a crucial role in determining
the cross-polar RCS of the tag. The RCS of the tag is computed
theoretically by using array theory where each resonator is
treated as a separate scatterer completely characterized by a
specific reflection coefficient. Several resonators arrangements
(periodic and non-periodic) are compared, keeping the physical
area of the tag fixed. Theoretical and experimental analysis
demonstrate that the periodic configuration guarantees the max-
imum achievable RCS thus providing a global lower BER of the
chipless RFID communication system. We believe that the BER
is the more meaningful and fair figure of merit for comparing
the performance of different tags than bit/cm2 or bit/Hz since
the increase of encoded information of the tag is useful only if
it can be correctly decoded.

Index Terms—Bit Error Rate (BER), Chipless RFID, Com-
munication Systems, Radar Cross Section (RCS), Frequency
Selective Surfaces (FSSs).

I. INTRODUCTION

The aim of chipless RFID technology is to obtain a ra-
dio frequency identification system without the use of an
Integrated Circuit (IC) [1]. The removal of the IC allows
achieving numerous advantages such as the reduction of the
production costs, the operation in harsh environments and
the compatibility with wearable and printable electronics [2].
Similarly to conventional RFID [3], chipless RFID technology
can be employed in scenarios where sensing capabilities are
also required [4]–[7].

Chipless RFID tags are usually differentiated among those
operating in time domain (TD) or in frequency domain (FD)
[8]. The most interesting TD tags are based on Surface Acous-
tic Wave (SAW) technology, which exploits the properties of
piezoelectric materials [9] for electromagnetic/acoustic wave
conversion. FD tags seem to be very promising and a large
number of operational configurations have been proposed so
far. The most employed tags consist of a set of passive
resonators arranged in a planar configuration [10], [11]. Some
papers have also proposed some Figures of Merit (FoM) aimed
at comparing the performance of different tags [12]–[15].
Usually, the FoMs take into account the size of the tag and
the frequency compression of the peaks but they often neglect
the Radar Cross Section (RCS) level of the tag.

The aim of the present work is to analyse the performance
of chipless RFID system from the point of view of a com-
munication system [16], [17]. The most relevant parameter to
evaluate the performance of the system is not the physical area
occupied by the transponder or the bandwidth for encoding
information but the capability of the entire system to maintain
a certain level of reliability in a standardized measurement
scenario. The parameter commonly used for this purpose is
the Bit Error Rate (BER) [18]. In this view, the reduction of
the size of the tag may be not a good choice if the BER
increases. Indeed, if the tag is shrunk, its RCS decreases with
a consequent reduction of the back-scattered power and thus
of the detection probability. As a consequence, the choice
of a tag with the smallest size is not necessarily the best
choice. The miniaturization of the tag is desirable only if the
detection probability is maintained above an acceptable level
in a typical operative scenario. A possible configuration to
increase the RCS level of the tag consists in replicating a
multi-frequency resonator along one or two planar directions
so as to form a periodic surface [19]. This replication does
not increase the information contained in the tag, but it greatly
improves the detection probability because of the increase of
the RCS level. To substantiate this, in this work the RCS
of different tag configurations is evaluated both theoretically
and experimentally and the disposition of the resonators to
synthesize a chipless RFID tag is addressed. In particular,
the periodic arrangement of multi-frequency resonators is
compared with non-periodic placement of the same resonators
in the same physical area. It is shown that the former approach
leads to a higher mutual interaction among the resonators but
it allows achieving a much better RCS level with respect to
the aperiodic disposition (as high as 15 dB). In fact, all the
scatterers comprised in the periodic tag reflect the impinging
field with the same amplitude and phase whereas an aperiodic
disposition of resonators determines an incoherent reflection
since each element responds with different amplitude and
phase [20], [21]. In addition to that, keeping in mind both
array and FSS theory [22], [23], also the element spacing has
to be adequately considered to avoid the onset of grating lobes.

The paper is organized as follows. Section II describes the
chipless RFID system model employed to define the BER.
Section III illustrates a fast semi-analytic methodology for
computing the RCS of chipless RFID tags. In Section IV, three
different tag configurations are analyzed from the point of view
of cross-polar RCS. Section V reports the experimental results
achieved with two different tag configurations. Finally, Section
VI is dedicated to comparing the performance of the different
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Fig. 1. Schematic representation of the chipless RFID communication system
with the main signal contributions collected at the receiver.

tag configurations in terms of BER. Concluding remarks are
reported in Section VII.

II. CHIPLESS RFID SYSTEM

A chipless RFID can be seen as a radar communication
system. The main parameter to evaluate its performance is
the Probability of Error or Bit Error Rate (BER) [16], [24].
Commonly used figures of merit, such as bit/cm2 or bit/Hz,
do not reveal that the increase of the information encoded
in a tag is useful only if it can be correctly decoded. The
BER can be evaluated by modelling the received signal as
the sum of the reflected transmitted signal and detrimental
contributions represented by the antenna coupling, the clutter
and the receiver noise. The contributions which determine
the shape and the level of the received signal in a chipless
system are summarized in Fig. 1. The useful contribution
which contains the information provided by the tag is often
weak and can be overwhelmed by the undesired contributions
leading to the impossibility of detecting the bit sequence or
the information encoded in the tag.

The intensity of the useful signal, Stag , mainly depends on
the RCS of the target, RCStag , which largely varies for the
different tag configurations. In particular, the received power
can be computed according to the classical radar equation:

Stag =
G2

RPTRCS
tagλ2

(4π)3d4
(1)

where λ represents the wavelength, d represents the distance
from the reader antenna to the tag, GR is the gain of the reader
antenna and PT is the transmitted power. Keeping unchanged
the measurement setup (distance between the tag and the
reader, the gain of the reader antenna and the transmitted
power), the received power depends only on the RCS of the tag
and on the operating wavelength. The RCS of a scattering tag
can be approximated as the product of the RCS of the metallic
square plate occupying the same area of the tag (RCSplate)
and the reflection coefficient of the tag as:

RCStag = RCSplate(Γtag)2 =
4πAtag

λ2
(Γtag)2 (2)

The unwanted signal at the receiver sums up to the useful
contribution reflected by the tag and deteriorates the system
performance. The bit sequence embedded within the tag is
correctly detected if the signal level emerges from the noise

level. According to the scheme reported in Fig. 1, the received
signal can be modelled as:

SRX = Stag + Scoupling + Sclutter + Snoise (3)

In a radar system [25], the clutter contribution usually
exceeds the random noise at the receiver. Assuming that the
coupling contribution can be largely removed by using time
domain gating [26], [27] or by making a background sub-
traction [19] (the backscattered signal from the environment
arrives after the coupling signal in time), the received signal
can be roughly approximated as:

SRX ' Stag + Sclutter (4)

In this simplified scenario, it is clear that the detection of
the bit sequence is possible if the useful signal exceeds the
clutter contribution. Assuming a standard indoor scenario, the
clutter can be modeled as a complex normal random process:

Sclutter = CN (µ, σ2) = CR + CI (5)

The variables CR and CI are Gaussian processes with mean
µ and standard deviation σ. The amplitude of the complex
normal random process is characterized by a Rice distribution
and a phase is characterized by a uniform distribution with
values between π and −π. The parameters used to model the
amplitude and the phase of random processes are summarized
in Table I. A typical value of the clutter amplitude in a complex
indoor environment is −52.6 dB for the amplitude and 2.3 dB
for the standard deviation [28].

TABLE I
PARAMETERS USED TO MODEL CLUTTER.

Process Type Average value Standard Deviation
CR Gaussian -53 dB 2.3 dB
CI Gaussian -53 dB 2.3 dB

In summary, when we deal with a chipless RFID system, it
is important to know that the received signal intensity has to
emerge from a noise floor in order to achieve the correct bit
sequence detection. Therefore, in order to perform a correct
detection, it is important to have a high RCS of the tag and
not only intelligible peaks (waveform).

III. RCS OF A CHIPLESS TAG

The RCS of a chipless tag can be computed by using full-
wave solvers but it may require a considerable amount of time
since the resonators are characterized by a high-quality factor
and the simulations do not rapidly converge. In addition to
that, full-wave solvers do not provide any physical insight
into the scattering mechanisms. A more efficient and insightful
determination of finite-size chipless tag scattering relies on
planar array and reflectarray theory [21], [29] together with
physical optics (PO) theory [30] and Periodic Method of
Moments (PMM). According to the Physical Optics (PO) the
RCS of a metallic plate can be computed with closed form
equations which depend on the geometry of the plate. As is
well known, an infinite extent metallic plate provides a unitary
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Fig. 2. (a) (M × N) - chipless tag in the (x, y) coordinate system; (b)
discrete scatterers model of a generic chipless tag.

reflection, thus its reflection coefficient is equal to -1. If the
metallic plate is covered with some absorbing or polarization
sensitive material capable of altering the reflection coefficient,
the RCS of the coated plate can be computed by weighting the
RCS level of the metallic plate with the value of the reflection
coefficient of the infinite extent surface according to [31], [32].
PMM is used to compute the reflection coefficient of scattering
particles and reflectarray theory is employed to determine the
total scattering due to different scattering particles. In order
to illustrate this method, a generic chipless tag in the (x, y)
coordinate system is considered (Fig. 2 (a)). The tag can be
modelled with M ×N discrete scatters spaced of D = |~rmn|
each one characterized by its copolar/crosspolar reflection
coefficient Γm,n

co/cr and its radiation pattern represented with
a cosqe (θ) function as shown in Fig. 2 (b).

The scattering intensity of a chipless tag towards a generic
direction û is directly proportional to the physical area of the
scattering object and it depends on the interference among
all the point scattering contributions identified on the object.
Since the chipless tag can be seen as a summation of complex
contributions given by different unit cells (each of them
characterized by a specific complex reflection coefficient), the
global scattering pattern at the operating frequency f can be
computed similarly to an antenna array as:

~Er
co/cr(û, f) =

M∑
m=1

N∑
n=1

cosqe(θ) |Γm,n
co/cr(û, f)|

e−jk(~rmn· û)e
−j

(
∠Γm,n

co/cr
(û,f)

)
(6)

The argument of the exponential function takes into account
the phase shift that is experienced by the wave along the
specific pointing direction û. The terms |Γm,n

co/cr(û, f)| and

e
−j

(
∠Γm,n

co/cr
(û,f)

)
represent the reflection coefficient of the

(m,n) − th cell, which is evaluated by a Periodic method
of Moment (PMM) code [33]. The PMM is a full-wave
solver that provides an accurate estimation of the reflection
coefficient of an infinite periodic surface embedded within
multilayer media by using the Floquet Theorem. The PMM
solver is a dedicated approach for solving periodic structures
and it is therefore extremely fast. However, this approach
cannot be used to compute the RCS of a finite structure as it
is specifically dedicated to infinite problems. The RCS of the
tag is computed by weighting the normalized pattern towards
the chosen direction with the RCS of a plate of the same area
of the total scatterer as follows:

(a) Periodic (b) NonPeriodic-9 (c) NonPeriodic-5 (d) NonPeriodic-1

Fig. 3. Four different configurations of dipole-based chipless tags character-
ized by the same physical area. (a) 81 (9× 9) dipoles arranged in a periodic
configuration;(b) 81 (9×9) dipoles, (c) 45 (5×9) dipoles and (d) 9 (1×9)
dipoles arranged in a non-periodic configuration. The area of the tag which
provides an in-phase response is highlighted in grey.

RCStag
co/cr(û, f) =

4πA2

λ2

| ~Er
co/cr(û, f)|

max{| ~Er
co/cr(û, f)|}

(7)

where A is the geometric area of the chipless tag and
λ is the operating wavelength. By employing the proposed
approach, the RCS of the tag can be computed towards a
generic direction but the monostatic contribution is the one
of interest in case of chipless RFID application. Once the
direction to be analysed is chosen, the RCS can be computed
within the frequency bandwidth of interest. The RCS of finite
structures can be computed also with commercial solvers
based on Integral Equation (Feko), time or frequency domain
(CST) or FEM (HFSS). All the three approaches require
extremely long computation times and often the results are
not enough accurate. The main hurdle in computing the RCS
of these finite structures hosting several resonators placed
close to a ground plane is that the resonators and the metallic
surface act as a Fabry-Perot interference device with multiple
reflection contributions involved. In order to accurately capture
these phenomena a very fine local mesh is required to achieve
good results. The most accurate and stable results have been
obtained by using Ansys HFSS and the computation time is in
the order of 25 hours with some variations depending on the
mesh accuracy, solution frequency, computational resources
and on the specific geometry of the structure. The proposed
approach can computed the RCS of these resonant structures
in the order of a few tents of seconds.

IV. NUMERICAL RESULTS

The effectiveness of the scatterer disposition in the design
of chipless RFID tags can be analysed by using the proposed
formulation. The maximum RCS obtainable with a tag char-
acterized by a given physical dimension is represented by the
physical optics relation in eq. (7).

In case of normal incidence, according to eq. (7), this
limit can be reached if all point sources are characterized by
the same reflection coefficient (amplitude equal to 1 with all
the point sources in phase). In case of off-normal incidence,
the monostatic scattering could be maximized, for a specific
angular direction, by selecting a specific scattering gradient in
the phase reflection coefficient of the point sources according
to the theory of reflectarray antennas [21]. However, the
aforementioned case is not specifically interesting for chipless
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Fig. 4. Crosspolar RCS in the case of a dipole-based chipless tag arranged in
a periodic and non-periodic configurations (NonPeriodic-9 and NonPeriodic-
1). (a) Proposed approach, (b) Ansys HFSS. The substrate is 2 mm thick and
it is characterized by a dielectric permittivity equal to 2.08.
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Fig. 5. Cross-polar reflection coefficient of all the (m,n)-th cells: (a) Periodic,
(b) NonPeriodic-9, (c) NonPeriodic-5, (d) NonPeriodic-1.

tags comprising a limited number of resonators as the scattered
field is not selective in space. The four different tag configura-
tions, shown in Fig. 3, are considered for comparison. Dipole
resonators are selected as frequency tuned scatterers [34]. The
dipole chipless tag can work with co-polar component [19],
[35] but, more interestingly, is able to perfectly convert the
impinging polarization into the cross-polar one at a specific
frequency [34]. In order to maximize the cross-polar scattering
and thus obtaining a perfect polarization conversion, it is
necessary to select a surface able to provide a reflection
coefficient equal to one in amplitude for both vertical and
horizontal polarization and a reflection phase difference of
180◦ between vertical and horizontal polarization [36]. An
alternative suitable resonator for this purpose is a rectangular
loop [37]. A detailed explanation of the polarization conver-
sion mechanism is provided in appendix A. In the case of
dipole resonators [38], the scatterers can be disposed in a
compact space so as to form a multi-frequency unit cell of
a periodic surface or it can be arranged with a larger spacing
in a grid so as to form an aperiodic arrangement. In this

latter case, the dipoles can be repeated (e.g. NonPeriodic-
9, NonPeriodic-5 ) or isolated (NonPeriodic-1) [34]. The
arrangement of the dipoles at a certain distance provides a
good immunity to mutual coupling. Moreover, the localized
disposition of the resonators can be also used to associate
a specific frequency peak to a specific zone of the tags
for gesture sensing applications [39]. However, the aperiodic
configuration is prone to a reduction of the global cross-
polar RCS due to interference among different scatterers. The
analysed tags can be seen as a 9 points source scatterers, where
each point source is characterized by a reflection coefficient
with specific amplitude and phase. As previously mentioned,
at normal incidence, the monostatic RCS is maximized if
the 9 points sources are in phase and are characterized by
a reflection coefficient equal to one in amplitude. When the
9 resonant scatterers are contained in a single cell and each
unit cell is replicated 9 times to occupy the desired area, all
the scattering centres are characterized by the same amplitude
and phase. On the contrary, if the nine dipoles are arranged in
a non-periodic fashion, the nine point sources have a different
amplitude and phase reflection coefficient. In the latter case,
the monostatic RCS is, by definition, lower than the maximum
achievable one according to physical optics. The cross-polar
RCS of the three investigated configurations are reported in
Fig. 4.

The RCS has been computed both by the proposed semi-
analytical formulation and by using a full-wave solver (An-
sys HFSS). The general behaviour of the different types
of arrangements are in agreement and thus the validity of
the proposed RCS computation approach is confirmed. By
observing the behaviour of the curves, it is evident that the
periodic arrangement of the dipole resonators, keeping fixed
the total size of the tag, provides the highest cross-polar RCS.
This because all the scatters provide a perfect polarization
conversion and they are all in phase. On the contrary, the other
two configurations do not guarantee this feature and each unit
cell is characterized by a different reflection coefficient at a
given frequency. The increase of the number of dipoles in
the aperiodic arrangement provides a moderate increase of the
RCS value but it strongly deteriorates the intelligibility of the
signal by altering the maximum to minimum delta RCS value.
In order to highlight the effect of the number of dipoles in the
aperiodic configurations, the cross-polar RCS of the aperiodic
configuration with three different number of dipoles is shown
in Fig. 6.

In the non-periodic arrangement, the scatterers are charac-
terized by a different amplitude and phase reflection coeffi-
cient and thus a destructive interference is obtained in the
observed mono-static direction. This is evident by looking at
the amplitude and phase profile of the reflection coefficient
computed for the nine scatterers. The amplitude of the cross-
polar reflection coefficients as a function of the frequency for
the periodic and non-periodic configurations are reported in
Fig. 5.

For the periodic configuration all the elements are charac-
terized by the same cross-polar reflection, since the unit cell
are simply repeated to occupy the total area of the tag whereas
in the aperiodic configurations each element is characterized
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Fig. 7. Phase (a), (c), (e) and amplitude (b),(d),(f) distribution in the case of a
3×3 dipole-based chipless tag arranged in a Periodic and NonPeriodic-9 and
NonPeriodic-1 configurations. The color plots are computed in correspondence
of the fifth resonance peak of the tag: 4.7 GHz (Periodic), 4.125 GHz
(NonPeriodic-9), 4.6 GHz (NonPeriodic-1).

by a different reflection coefficient and thus only a portion
of the bidimensional surface contributes to the RCS of the
tag. Moreover there are also some differences between the
NonPeriodic-9, NonPeriodic-5 and NonPeriodic-1 configura-
tions: the former is characterized by reflection coefficients
with a lower Q-factor with respect to the latter configuration.
This means that the scattering at a specific frequency in the
NonPeriodic-9 configuration is strongly deteriorated by the
neighboring scatterers which provides a relevant contribution
which is not in phase with the main one. The same effect
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Fig. 8. Crosspolar RCS in the case of periodic configuration with different
randomic disposition of dipoles.

can be observed by plotting the reflection coefficient maps
of the three analysed configurations for a specific frequency
peak. In Fig. 7 the amplitude and phase reflection coefficients
for the nine elements composing the tags are reported at the
frequency of the fifth resonant peak. It is evident that there is
a destructive interference among the unit elements of the tag
in the case of the aperiodic arrangement.

V. DISORDERED DIPOLES ARRANGEMENT

In order to address the optimal disposition of dipoles in the
tag, the ordered arrangement used in the previous configura-
tions can be compared with the random arrangement. Indeed,
the mutual coupling among the resonators can determine a
different behaviour of the resonator which is difficult to control
a-priori. All the possible arrangements of the N dipoles inside
the tag or inside the unit cell of the periodic configuration can
be computed as the factorial of the number of the dipoles
‘N !’. In the analysed case with 9 dipoles, the number of
configurations is 362880. Consequently, a complete analysis
would require a considerable amount of time. For this reason,
we decided to analyse a subset of configurations and compare
them with the reference configuration with the dipoles ordered
from the longest to the shortest (Periodic configuration).
The random arrangements of the dipoles have been initially
analysed for the Periodic configuration. The cross-polar re-
flection coefficient of some of the analysed configurations
are reported in Fig. 8. The ideal configuration is the one
with all the peaks characterized by a cross-polar reflection
amplitude reaching 0 dB. As is evident from the sample
configurations, the change of the dipole disposition determines
a shift of the peaks in frequency and also a drop of some of
them. Generally, the ordered configuration (named Periodic
in the previous sections) is a good compromise among the
others. However, even this configuration may be theoretically
improved in the peaks [2,3,4,5,9] (numbering them from low
to high frequency) where the cross-polar reflection coefficient
does not reach 0 dB. The analysed dispositions of the dipoles
in the Periodic and NonPeriodic configurations are reported in
Table II.

One of the randomic configurations previously analyzed, i.e.
Rnd-4, has been further analyzed also for the NonPeriodic-
9 and NonPeriodic-1 configurations. The disposition of the
dipoles according to the arrangement named Rnd-4 in Table
II are shown in Fig. 9 both for the periodic and aperiodic
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TABLE II
LENGTH OF THE DIPOLES EXPRESSED IN PIXELS. ONE PIXEL IS EQUAL TO

D/32 (1.09 MM), WHERE D IS THE SIZE OF THE ELEMENTARY CELL.

D1 D2 D3 D4 D5 D6 D7 D8 D9
Rnd-1 18 26 20 28 16 17 24 30 22
Rnd-2 24 26 18 28 16 17 22 30 20
Rnd-3 30 24 18 26 16 17 22 28 20
Rnd-4 30 16 28 17 26 18 24 20 22

(a) Periodic (b) NonPeriodic-9 (c) NonPeriodic-1

Fig. 9. Three different configurations of dipole-based chipless tags charac-
terized by the same physical area. (a) 81 (9 × 9) dipoles arranged in the
Rnd-4 periodic configuration, (b) 81 and (c) 9 dipoles arranged in a Rnd-4
non-Periodic configuration. The area of the tag which provides an in-phase
response is highlighted in grey.

configurations. The cross-polar RCS of the three investigated
configurations are reported in Fig. 10. The RCS has been
computed by the proposed semi-analytical formulation and by
using a full-wave solver (Ansys HFSS). The general behavior
of the different types of arrangements are in agreement and
thus the validity of the proposed RCS computation approach is
confirmed. As in the previous ordered disposition, the periodic
arrangement of the dipole resonators, keeping the total size of
the tag fixed, provides the highest cross-polar RCS. However,
the random disposition determines a decrease of the amplitude
of the sixth and seventh peaks because of the mutual coupling
between the resonators.

VI. MEASUREMENTS

In order to verify the accuracy of the predictions obtained
with both by the proposed approach for computing the RCS
and by the full-wave simulations, the prototypes of two dipole-
based depolarizing chipless tags have been fabricated. The
picture of the fabricated prototypes and the measured cross-
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(a) This method
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NonPeriodic-Rnd
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(b) HFSS

Fig. 10. Crosspolar RCS in the case of a dipole-based chipless tag ran-
domly arranged in a periodic (Periodic-Rnd) and non-Periodic configurations
(NonPeriodic-9-Rnd and NonPeriodic-1-Rnd). (a) Proposed approach, (b)
Ansys HFSS. The substrate is 2 mm thick and it is characterized by a dielectric
permettivity equal to 2.08.

(a) Periodic (b) NonPeriodic-9

Fig. 11. Pictures of the fabricated tag prototypes: (a) Periodic, (b)
NonPeriodic-9

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

���

Chipless RFID tag Tx/Rx Antenna

��

GPIB
d

Fig. 12. Pictorial representation of the measurement setup.

polar RCS of the two tags is reported in Fig. 11. The RCS of
the fabricated prototypes has been measured in an anechoic
environment with a single duel polarized wideband horn
antenna. The RCS level has been computed by using as a
reference a metallic plate of the same dimension of the tags.
A pictorial representation of the measurement setup is shown
in Fig. 12. The cross-polar measured RCS level RCStag

cr

is shown Fig. 13. As predicted by numerical simulations,
the cross-polar RCS of the periodic tag is characterized by
a much higher RCS value with respect to the non-periodic
configuration. Moreover, the periodic configuration guarantees
a much higher intelligibility of the RCS peaks since, at a
resonance frequency, all the zones of the tag respond in phase
as shown by the grey area in Fig. 3(a). On the contrary, by
using the non-periodic arrangement of the resonators, only a
small part of the tag responds at a specific frequency (grey
area in Fig. 3(b),(c)), whereas the other zones of the tag
create a destructive interference that deteriorates the quality
of the signal. The non-periodic configuration has however a
couple implicit advantages with respect to the periodic one.
The first is that the resonators are less coupled and thus the
removal of a specific frequency peak introduces a limited
frequency shift in the remaining peaks. The second is that
it is possible to identify which part of the tag is responding
to an RF interrogation by associating a specific zone of it to
a specific frequency. This feature can be usefully for realizing
a positioning sensing tag [39].

VII. BER PERFORMANCE

As previously stated, the signal at the receiver is composed
by the desired signal and by additional undesired contributions.
In order to detect if the bit sequence is correct or not, the noisy
signal at the receiver is subdivided (sliced) into N signals
around the resonance frequencies used to encode information
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Fig. 13. Measured RCS of the fabricated prototypes shown in Fig. 11.
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Fig. 14. Schematic representation of the processing at the receiver and the
decision method.

(a percentage bandwidth BW around each peak is retained)
and each of them is compared with the ideal version of the
signal. A correlation function between the perturbed signal
and the ideal one is carried out for each bit. The presence or
the absence of a bit in a certain frequency band is evaluated
by computing the correlation coefficient R between the un-
perturbed signal and the noisy one. A correlation coefficient
R higher than 0.8 codifies the bit “1” (presence of the bit).
Conversely, a condition R lower than 0.8 codifies the bit
“0” (absence of the bit). Typically, a strong cross correlation
between two variables results in a correlation coefficient larger
than 0.7 [40]. We selected a threshold of 0.8 for deciding if
the bit is “0” or “1” thus setting a threshold slightly higher
than the one which commonly identifies a strong correlation.
Based on this decision method, the error probability is then
computed for different levels of transmitted power over the
clutter contribution according to eq. (4). The block diagram of
the receiver is depicted in Fig. 14. The Bit Error Rate (BER)
is evaluated by using a set of Montecarlo simulations with
N = 106 realizations of the process.

The BER as a function of the transmitted power (PT = 1 W)
over the clutter contribution (Pclutter) in the three cases anal-
ysed in section III (Periodic, NonPeriodic-9, NonPeriodic-1).
The estimated BER for these examples is reported in Fig. 15. It
is apparent that the probability of error mostly depends on the
RCS value of the tag and it is therefore crucial to maximize
this parameter in order to achieve a good detection of the
tag. The waveform of the signal (a sharp and high frequency
peak) is also important but it plays a role only if the received
power exceeds the level of the residual noise. The effect of the
signal waveform is evident by comparing at the NonPeriodic-
9 and NonPeriodic-1 cases. The NonPeriodic-9 configuration
shows better performance with PT /Pclutter < 57.6 dB.

20 30 40 50 60 70
10

-6

10
-4

10
-2

10
0

B
E

R Periodic

Non-periodic-9

Non-periodic-1

Fig. 15. BER as a function of the transmitted power over the clutter power
(PT /Pclutter) in the case of a 3× 3 dipoles-based chipless tag arranged in
a periodic and non-periodic configuration. PT = 1 W, d = 50 cm.
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Fig. 16. Received power (PR) computed with radar equation (eq. (1)) with
and without (ideal) clutter: comparison between (a) Periodic and NonPeriodic-
9 tag; (b) Periodic and NonPeriodic-1 tag.

However, the NonPeriodic-1 starts having better performance
with PT /Pclutter > 57.6 dB because, despite the lower RCS
with respect to the NonPeriodic-9 configuration, the signal
waveform is more intelligible. In communication systems, the
probability of error can be expressed in a closed form since the
BER is evaluated starting from the received signal level over
the AWGN noise level [41]. However, in our case, we have
expressed the BER as a function of the transmitted power over
the clutter level for highlighting the effect of the RCS. The
dependence of the BER on the RCS level is highlighted by the
radar equation in (1) which relates the received power level
to the RCS level. In order to better clarify this dependence,
we have presented a couple of examples of received signal
level in presence of the periodic tag and the aperiodic tag in
presence of clutter. As shown in Fig. 16, the received signal
with the periodic tag is above the clutter floor level whereas
the signal received with the aperiodic tag configurations is
below the clutter level and therefore the bit sequence is not
readable.

VIII. CONCLUSION

The impact of the resonators arrangement on the system
level performance of a chipless RFID communication system
has been investigated. The cross-polar RCS of the tag is
considerably affected not only by the shape of the resonant
elements but also by their arrangement. The RCS of chipless
tags comprising dipole resonators has been analytically cal-
culated relying on planar reflectarray theory. Each resonant
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element has been modelled as a point scatterer characterized
by a complex reflection coefficient. Considering a tag with a
certain fixed physical area, it has been shown that a periodic
arrangement of the resonators provides an higher level of
RCS with respect to a non-periodic one. Indeed, according
to array theory, a periodic arrangement of the resonators can
be modelled as a planar array with elements radiating with
a uniform amplitude tapering and the same phase at each
working frequency of the tag. Conversely, a non-periodic
arrangement results in a planar array of radiating elements
with both a non-uniform amplitude and phase distribution. Ex-
perimental measurements of a chipless tag based on resonant
dipoles arranged in a periodic and non-periodic configuration
exhibit a good agreement with theoretical results. Finally,
the strict dependency of system performance of the chipless
RFID communication system, evaluated in terms of BER in a
standardized scenario, has been demonstrated. The BER of the
system is inversely proportional to the RCS of the tag. The
BER is also influenced by the shape of the scattered signal
in terms of peak-to-peak RCS. It has been shown that the
BER represents the most meaningful approach for comparing
the performance of different tags, instead of commonly used
figures of merit such as bit/cm2 or bit/Hz. Indeed, the
increase of encoded information in a certain physical area or
in a certain bandwidth is useful only if the information can be
correctly decoded.

APPENDIX A
POLARIZATION CONVERSION MECHANISM

The working principle of a polarization converting surface
based on dipole resonators printed on a ground plane is
analysed. A dipole resonator placed at a certain distance from
a metallic ground plane behaves as a perfect polarization con-
verted at a single frequency when an electric field impinges at
45◦ with respect to the orientation of the dipole as depicted in
Fig. 17(a). The working principle of the polarization converter
can be explained by decomposing the 45◦ incident field (Ei)
in two identical vectors Ei

x and Ei
y along x and y axes as

depicted in Fig. 17(b):

~Ei = E0ϕ̂ = E0 sin
(π

4

)
x̂+ E0 cos

(π
4

)
ŷ. (8)

The reflected electric field ~Er can be obtained from the
incident electric field ~Ei as follows:

~Er = ΓxE0 sin (ϕ) x̂+ Γy E0 cos (ϕ) ŷ. (9)

As shown in Fig. 17(a), the perfect polarization conversion
is achieved if ~Er can be expressed as a 90◦-counterclockwise
rotation of ~Ei. Consequently, ~Er can be expressed as a
function of the rotation matrix R (θ) as follows:

~Er = R
(
θ =

π

2

)
~Ei, (10)

with:

R (θ) =

[
cos θ − sin θ

sin θ cos θ

]
(11)

i
xE

i
E

r
xE
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yE

i
yEr
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y φ
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Fig. 17. (a) Incident and reflected electric field decomposed in the (x, y)-
coordinate system; (b) Phase of the reflection coefficient as a function of
frequency; (c) Co-polar and cross-polar components of the reflected electric
field normalized to the magnitude of the incident electric field as a function
of the rotation angle ϕ.

Therefore, the adopted strategy provides a perfect polar-
ization conversion if the two components (x and y) of the
impinging electric field are reflected with the same amplitude
and with a phase difference equal to 2π:{

Er
x = −Ei

x

Er
y = Ei

y

⇒

{
|Γx| = |Γy|

∠Γx = −∠Γy

. (12)

Indeed, both x and y components are completely reflected
but with a different phase: the field component orthogonal to
the dipole is subjected to a reflection coefficient equal to -1
whereas the electric field component parallel to the dipole is
reflected with a reflection coefficient equal to +1.

Finally, the copolar (Eco) and crosspolar (Ecr) components
of the reflected electric field can be expressed as follows:

Eco = Er
xcos(ϕ) + Er

ysin(ϕ), (13)

Ecr = −Er
ycos(ϕ) + Er

xsin(ϕ). (14)

The polarization conversion performance of the dipole res-
onator as a function of the rotation angle ϕ are reported
in Fig. 17(c). It is evident from the figure that the perfect
polarization conversion is obtained when ϕ = 45◦ that is
the rotation for which the conditions reported in eq. 12 are
verified.

It is worth underlining that the polarization conversion
mechanism is valid regardless of the particular unit cell
topology provided that the reflection coefficients fullfill the
aforementioned conditions.



9

REFERENCES

[1] S. Tedjini, N. Karmakar, E. Perret, A. Vena, R. Koswatta, E. Rubayet
et al., “Hold the chips: Chipless technology, an alternative technique for
rfid,” IEEE Microwave Magazine, vol. 14, no. 5, pp. 56–65, 2013.

[2] M. A. Leenen, V. Arning, H. Thiem, J. Steiger, and R. Anselmann,
“Printable electronics: Flexibility for the future,” Physica Status Solidi
(a), vol. 206, no. 4, pp. 588–597, 2009.

[3] G. Marrocco, “Pervasive electromagnetics: Sensing paradigms by pas-
sive rfid technology,” IEEE Wireless Communications, vol. 17, no. 6,
pp. 10–17, 2010.

[4] M. Borgese, F. A. Dicandia, F. Costa, S. Genovesi, and G. Manara, “An
inkjet printed chipless rfid sensor for wireless humidity monitoring,”
IEEE Sensors Journal, vol. 17, no. 15, pp. 4699–4707, Aug 2017.

[5] A. Vena, L. Sydänheimo, M. M. Tentzeris, and L. Ukkonen, “A fully
inkjet-printed wireless and chipless sensor for co2 and temperature
detection,” IEEE Sensors Journal, vol. 15, no. 1, pp. 89–99, Jan 2015.

[6] A. Lazaro, R. Villarino, F. Costa, S. Genovesi, A. Gentile, L. Buoncris-
tiani, and D. Girbau, “Chipless dielectric constant sensor for structural
health testing,” IEEE Sensors Journal, vol. 18, no. 13, pp. 5576–5585,
2018.

[7] S. Genovesi, F. Costa, M. Borgese, F. A. Dicandia, and G. Manara,
“Chipless radio frequency identification (rfid) sensor for angular rotation
monitoring,” Technologies, vol. 6, no. 3, p. 61, 2018.

[8] S. Preradovic and N. C. Karmakar, “Chipless rfid: Bar code of the
future,” IEEE Microwave Magazine, vol. 11, no. 7, pp. 87–97, Dec 2010.

[9] ——, “Design of fully printable planar chipless rfid transponder with
35-bit data capacity,” in 2009 European Microwave Conference (EuMC),
Sept 2009, pp. 013–016.

[10] A. Vena, E. Perret, and S. Tedjini, “High-capacity chipless rfid tag
insensitive to the polarization,” IEEE Transactions on Antennas and
Propagation, vol. 60, no. 10, pp. 4509–4515, Oct 2012.

[11] O. Rance, R. Siragusa, P. Lemaitre-Auger, and E. Perret, “Toward
rcs magnitude level coding for chipless rfid,” IEEE Transactions on
Microwave Theory and Techniques, vol. 64, no. 7, pp. 2315–2325, 2016.

[12] C. Herrojo, F. Paredes, J. Mata-Contreras, and F. Martı́n, “Chipless-rfid:
A review and recent developments,” Sensors, vol. 19, no. 15, p. 3385,
2019.

[13] M. M. Khan, F. A. Tahir, M. F. Farooqui, A. Shamim, and H. M.
Cheema, “3.56-bits/cm2 compact inkjet printed and application specific
chipless rfid tag,” IEEE Antennas and Wireless Propagation Letters,
vol. 15, pp. 1109–1112, 2015.

[14] K. Mc Gee, P. Anandarajah, and D. Collins, “A review of chipless remote
sensing solutions based on rfid technology,” Sensors, vol. 19, no. 22, p.
4829, 2019.

[15] M. Svanda, M. Polivka, J. Havlicek, J. Machac, and D. H. Werner,
“Platform tolerant, high encoding capacity dipole array-plate chipless
rfid tags,” IEEE Access, vol. 7, pp. 138 707–138 720, 2019.

[16] A. B. Carlson, Communication system. Tata McGraw-Hill Education,
2010.

[17] Y. Chen, F. Zheng, T. Kaiser, and A. H. Vinck, “An information-theoretic
approach to the chipless rfid tag identification,” IEEE Access, vol. 7, pp.
96 984–97 000, 2019.

[18] M. Jeruchim, “Techniques for estimating the bit error rate in the
simulation of digital communication systems,” IEEE Journal on selected
areas in communications, vol. 2, no. 1, pp. 153–170, 1984.

[19] F. Costa, S. Genovesi, and A. Monorchio, “A chipless rfid based on mul-
tiresonant high-impedance surfaces,” IEEE Transactions on Microwave
Theory and Techniques, vol. 61, no. 1, pp. 146–153, Jan 2013.

[20] J. Huang, “Reflectarray antenna,” Encyclopedia of RF and Microwave
Engineering, 2005.

[21] M. Borgese, F. Costa, S. Genovesi, and A. Monorchio, “An iterative
design procedure for multiband single-layer reflectarrays: Design and
experimental validation,” IEEE Transactions on Antennas and Propaga-
tion, vol. 65, no. 9, pp. 4595–4606, Sept 2017.

[22] B. A. Munk, Frequency selective surfaces: theory and design. Wiley
Online Library, 2000, vol. 29.

[23] F. Costa and M. Borgese, Metamaterials, Metasurfaces and Applica-
tions, ch. Chapter 3, pp. 89–169.

[24] F. Costa, M. Borgese, A. Gentile, L. Buoncristiani, S. Genovesi, F. A.
Dicandia, D. Bianchi, A. Monorchio, and G. Manara, “Robust reading
approach for moving chipless rfid tags by using isar processing,” IEEE
Transactions on Microwave Theory and Techniques, vol. 66, no. 5, pp.
2442–2451, 2017.

[25] M. I. Skolnik, “Introduction to radar systems,” New York, McGraw Hill
Book Co., 1980. 590 p., 1980.

[26] A. Ramos, E. Perret, O. Rance, S. Tedjini, A. Lázaro, and D. Girbau,
“Temporal separation detection for chipless depolarizing frequency-
coded rfid,” IEEE Transactions on Microwave Theory and Techniques,
vol. 64, no. 7, pp. 2326–2337, July 2016.

[27] F. Costa, S. Genovesi, and A. Monorchio, “Normalization-free chipless
rfids by using dual-polarized interrogation,” IEEE Transactions on
Microwave Theory and Techniques, vol. 64, no. 1, pp. 310–318, Jan
2016.

[28] R. D’Errico, “An indoor backscattering channel characterization for uwb
passive rfid applications,” in 2012 6th European Conference on Antennas
and Propagation (EUCAP). IEEE, 2012, pp. 1169–1173.

[29] W. L. Stutzman and G. A. Thiele, Antenna theory and design. John
Wiley & Sons, 2012.

[30] G. T. Ruck, Radar cross section handbook. Plenum Publishing
Corporation, 1970, vol. 2.

[31] C. A. Balanis, Advanced engineering electromagnetics. John Wiley &
Sons, 1999.

[32] M. F. Catedra, C. Delgado, and I. G. Diego, “New physical optics
approach for an efficient treatment of multiple bounces in curved bodies
defined by an impedance boundary condition,” IEEE transactions on
antennas and propagation, vol. 56, no. 3, pp. 728–736, 2008.

[33] R. Mittra, C. H. Chan, and T. Cwik, “Techniques for analyzing frequency
selective surfaces-a review,” Proceedings of the IEEE, vol. 76, no. 12,
pp. 1593–1615, Dec 1988.

[34] A. Vena, E. Perret, and S. Tedjni, “A depolarizing chipless rfid tag
for robust detection and its fcc compliant uwb reading system,” IEEE
Transactions on Microwave Theory and Techniques, vol. 61, no. 8, pp.
2982–2994, Aug 2013.

[35] A. T. Blischak and M. Manteghi, “Embedded singularity chipless rfid
tags,” IEEE Transactions on Antennas and Propagation, vol. 59, no. 11,
pp. 3961–3968, Nov 2011.

[36] S. Genovesi, F. Costa, F. A. Dicandia, M. Borgese, and G. Manara,
“Orientation-insensitive and normalization-free reading chipless rfid
system based on circular polarization interrogation,” IEEE Transactions
on Antennas and Propagation, vol. 68, no. 3, pp. 2370–2378, 2020.

[37] F. Costa, S. Genovesi, A. Monorchio, and G. Manara, “A robust
differential-amplitude codification for chipless rfid,” IEEE Microwave
and Wireless Components Letters, vol. 25, no. 12, pp. 832–834, Dec
2015.

[38] M. Borgese and F. Costa, “A simple equivalent circuit approach for
anisotropic frequency selective surfaces and metasurfaces,” IEEE Trans-
actions on Antennas and Propagation, pp. 1–1, 2020.

[39] N. Barbot and E. Perret, “Gesture recognition with the chipless rifd tech-
nology,” in 2017 XXXIInd General Assembly and Scientific Symposium
of the International Union of Radio Science (URSI GASS). IEEE, 2017,
pp. 1–3.

[40] D. S. Moore and S. Kirkland, The basic practice of statistics. WH
Freeman New York, 2007, vol. 2.

[41] F. Fuschini, C. Piersanti, F. Paolazzi, and G. Falciasecca, “Analytical ap-
proach to the backscattering from uhf rfid transponder,” IEEE Antennas
and Wireless Propagation Letters, vol. 7, pp. 33–35, 2008.


