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Abstract: A novel, chipless, Radio Frequency Identification (RFID) sensor is proposed for monitoring
angular rotation. The rotation state is recovered by collecting the cross polar response of a tag, based
on a periodic surface composed of a set of dipoles. The encoding mechanism allows the sensor to
be very robust, even if it is applied on metallic objects, or in an environment with strong multipath.
The proposed sensor does not require a large operational bandwidth. Instead, only a small set of
reading frequencies are required. The number of reading frequencies required is dependent on
the number of the employed dipoles. It is demonstrated that the rotation state of an object can
be monitored within a span of 180 degrees, with up to a three-degree resolution, by employing
a chipless RFID sensor comprising of four dipoles. The far field reading scheme and the absence of
any electronics device allow the sensor to be employed in harsh environments.
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1. Introduction

The identification paradigm offered by Radio Frequency Identification (RFID) technology has been
increasingly exploited in more and more applications, such as inventory management, access control,
assembly process monitoring and supply chain integration [1,2]. Together with this employment based
on the encoding of a univocal identification (ID) number in the electromagnetic footprint of the RFID
tag, (which has reached a good point of maturity), an additional declination of the RFID technology is
represented by the realization of sensors. Several directions have been explored in this sense, spanning
from something as simple as measuring temperature [3,4] and gas [5,6], to more complex usage in
healthcare [7,8], structural monitoring [9,10], localization [11–13], as well as food chain control [14,15].
However, although the presence of an integrated circuit (IC) in a RFID tag guarantees interesting
features (in terms of large data storage and reprogrammable capability), it also poses some constraints
on the item price and operating environmental conditions.

These shortcomings have fostered the research toward chipless RFID tags, which encode the
information in the electromagnetic (EM) footprint of the tag without resorting to an IC. This task
obviously presents different challenges that have been faced in the last years by original approaches
to the exploitation of different EM signature strategies for encoding the information. For example,
the ID has been stored in the frequency response of the tag [16,17], as well as in the timing of the
response [18,19],and also by exploiting the phase [20,21] or the polarization [22,23] of the scattered field.
Moreover, a suitably designed chipless RFID can be also employed as a sensor for monitoring quantities,
such as humidity [24–26], temperature [27], and gas [28], even in harsh environments [29].
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An interesting quantity to be monitored is represented by the rotation angle of an object revolving
on its axis. Recently, some solutions aimed at estimating the rotation angle, or measuring the angular
velocity, have been proposed. In Reference [23], the co-polar response of a chipless RFID tag to
a linearly polarized incident field has been exploited in order to detect the tag orientation. In particular,
the provided accuracy for the estimated rotation angle is equal to 20 degrees, whereas the coding
capacity is 6 bits if three resonant elements are used. In Reference [30], a coplanar waveguide (CPW)
loaded with a horn-shaped split ring resonator (SRR) is employed for realizing a rotation sensor
operating at a single frequency with a dynamic range of up to seven degrees. A rotation sensor
comprised of two meandered U-shaped resonators, coupled to a microstrip line, is described in
Reference [31]. This metamaterial-inspired sensor exhibits a dynamic range of up to 180 degrees and
requires a bandwidth of 350 MHz around the center frequency of 1.0 GHz, since the angular encoding
is based on the downshift of the minimum transmission coefficient of the device. A procedure for
recovering the angular velocity by using two circularly polarized antennas with a demodulator for
Frequency Modulated (FM) carriers, is shown in Reference [32]. A solution relying on ultra-high
frequency (UHF) RFID tags has been presented in Reference [33], where the rotation speed is inferred
by exploiting the level of polarization mismatch in the time domain between the reader and the tag.
A preliminary study on the possible use of a cross polarization scattering (CPS) system has been
presented in Reference [34,35], using chipless RFID tags to design angular rotation sensors, where
different resonator geometries (loop, SRR, stubbed loop and dipole) were investigated. A coplanar
waveguide loaded with SRRs has been proposed in Reference [36] for measuring angular displacement
and velocity. More specifically, two circular chains of rectangular SRRs are etched in the layer applied
to the rotor, whereas a CPW transmission line loaded with two pairs of SRRs is placed on the stator,
(with a small airgap in between the two layers). The rotor motion modulates the amplitude of the carrier
and thus the rotation speed can be recovered from the analysis of the signal, with an envelope detector.

In this work, a novel chipless RFID sensor able to monitor the angular rotation by exploiting the
cross polar response of the tag, will be presented. This solution offers some interesting advantages.
First of all, the desired information is encoded in the cross polar response of the tag, thus resulting
in a reading robust to multipath and high-reflection scenarios, which may affect designs based on
the co-polar response. In fact, if the tag is placed close to metallic objects, the co-polar response of
the surrounding environment can largely exceed that of the sensor, making the reading procedure
impossible. On the contrary, the cross polar component of the field, scattered by a properly designed
chipless RFID tag, can be detected even if it is placed on large metallic hosting platforms [22,37,38].
Moreover, the response is analytically predictable with a single measurement. Therefore, the calibration
of the sensor is straightforward, and it must only be done once (when the sensor is put in place) if
the distance between the reader and the tag does not change. The angle span of the chipless RFID
sensor can be made up to the maximum of 180 degrees since the polarization information is redundant
after 180 degrees. Finally, this sensor can be read from a distance of up to 40 cm even if it is realized
within a small footprint [22]. Therefore, this sensor can be used to monitor rotating objects in hostile
environments, where the reader cannot be placed, or in cases where the reader and the sensor are
separated by a protective glass [39].

2. Cross Polar Features and Chipless RFID Sensor Design

The considered chipless RFID sensor is a truncated periodic surface printed on the top of
a grounded dielectric slab. The surface is obtained by repeating the unit cell on a lattice of periodicity
(Tx and Ty), along the x and y direction, respectively. The number of the employed unit cells determines
the amplitude level of the backscattered signal. Therefore, the larger the tag, the easier the detection
procedure, with a consequent reduction of the Bit Error Rate (BER) [40]. The frequency response is
tailored by properly defining the shape of the element in the unit cell, the lattice, and the substrate
material. The dipole has proved to be the most suitable shape for the defined task [22,37], therefore it
will be adopted as the element (Figure 1).
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Figure 1. Example of a unit cell of the periodic surface employed for the design of the chipless
RFID sensor: (a) A unit cell with a dipole element and (b) the correspondent finite chipless RFID sensor
tag with 4 × 4 unit cells.

The frequency response of the investigated structure will be calculated using a Periodic Method
of Moments (PMoM) [41], which considers an infinite periodic surface. The employed PMoM requires
the discretization of the unit cell into a M × M pixel matrix, in which each pixel has dimension Tx/M
and Ty/M. The adopted discretization for the design, is the one obtained by using M = 64. Let us
consider a plane wave that is normally impinging and whose electric field is E0 (Figure 1). It is sufficient
to know the 2 × 2 reflection matrix Γ in order to prove the cross polar response of the structure as
a function of the phi angle (φ). To explain in more detail, the two components of the reflected field ER
along the principal axes can be expressed as:

ER,x(φ) = E0,x(φ) Γxx + E0,y(φ) Γxy

ER,y(φ) = E0,y(φ) Γyy + E0,x(φ) Γyx
, (1)

whereas the co-polar (copol) and cross polar (Xpol) component with respect to the incident field E0 are:

ER,copol(φ) = E0(φ) · ER(φ)

ER,Xpol(φ) = ẑ · (E0(φ)× ER(φ))
. (2)

It is important to underline that in the proposed scenario, the elements of the reflection matrix
Γ are only a function of frequency. Therefore, the behavior of the co-polar and cross polar responses
of a structure can be quickly evaluated starting from a simulation or a measurement that allows the
evaluation of Γxx, Γyy and Γxy (which is equal to Γyx).

Let us focus the attention on the angular response of the single-dipole unit cell presented in (Figure 1)
in correspondence to the frequency f 1 = 5.25 GHz, for which the cross-polar reflected field is maximized.
For the sake of simplicity, a 90-degree span is considered in this first part of the analysis, but a 180 degree
span will be considered for the final performance assessment. Looking at the cross polar response of
the single-dipole unit cell (Figure 2a) as a function of φ, it is apparent that there are some cases in which
the magnitude of the scattered field is quite low (e.g., around 40 degrees), and above all, that in some
cases two different angles exhibit the same cross polar level. For example, φ1 and φ2 both assume a value
of XP1, thus causing an ambiguity in the correct estimate of rotation angle φ.
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Figure 2. Cross polar response of the tested structures (shown in the insets): (a) Single-dipole;
(b) two dipoles; (c) maximum level of the cross polar for the two-dipole case. The employed dielectric
has a permittivity εr =2.8 − j0.003 and thickness equal to 1.5 mm, whereas the periodicity values are
Tx = 1.7 cm and Ty = 1.5 cm.

To reduce the ambiguity and increase the level of the received signal, a second dipole is added in
the unit cell (inset Figure 2b). It is important to notice that the length of this dipole and its orientation
is different than the initial one. In this case, the second dipole will provide the maximum of its
reflected cross polar response at frequency f 2 = 7.35 GHz, since the length of the two-dipole is different
(Figure 2b). Therefore, if we consider again two values of φ for which the cross polar response at
f 1 is ambiguous, it is possible to discriminate between φ1 and φ2 since they exhibit a different cross
polar value at f 2, namely XP2A and XP2B. Accordingly, the rotation state of φ1 is encoded by using
the couple (XP1, XP2A), whereas φ2 is represented by (XP1, XP2B). Moreover, if the maximum of the
reflected cross polar field is considered (Figure 2c), it is apparent that the lowest value is around
−4 dB, which can help in retrieving the correct angular rotation state. It is important to point out that
only two frequencies are required by the encoding scheme, which is based on the values assumed
by the cross polar at f 1 and f 2. However, despite the adoption of two dipoles, a certain level of
ambiguity is still present due to similar values assumed by the cross polar reflection coefficient at
the two reference frequencies. It is therefore essential to determine the number of elements that
are requested for an unambiguous recovery of the rotation angle, as well as determine a metric for
assessing the robustness of the proposed encoding mechanism.

3. Performance Assessment and Design Improvement

Let us consider the two-dipole structure reported in the inset Figure 2b. The cross polar response
as a function of frequency is reported in Figure 3a for a 90-degree span of φ. As is apparent, the peak
values of the cross polar are localized at two frequencies f 1 and f 2 (i.e., 5.25 GHz and 7.35 GHz) with
very slight shifts around them. It is important to mention that even when the maximum of the cross
polar is not exactly at f 1 or f 2, the value at those frequencies is selected. This is because there is not
much difference between the real maximum and the value assumed at f 1 and f 2, and also due to the
simplification of both the algorithm and the hardware used in the decoding. Therefore, the cross polar
value at f 1 and f 2 is the codification of the angular position of the tag (Figure 3b).
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Figure 3. (a) Cross polar of the two-dipole structure at 5-degree steps within a 90-degree span of φ,
and (b) the correspondent values for each angular position at f 1 and f 2.

In order to understand the reliability of a decoding process based on the values assumed by the
cross polar in correspondence of a certain number of frequencies fres, it is necessary to define a distance
between the coding of two different angular positions, namely φi and φj. This distance function Dist is
defined as:

Dist
(
φi, φj

)
=

fres

∑
m=1

√(
XpoldB( fm , φi)− XpoldB

(
fm , φj

))2. (3)

where Xpol(fm, φi) is the codification in terms of cross polar magnitude of the reflected field. Then it is
possible to evaluate the distance of a codification with all the others in order to check if any ambiguity
is present. Let us fix two thresholds, (thres1 and thres2), and consider two singular angular positions,
namely φA and φB. If the value of Dist(φA, φB) is greater than thres1, they are unambiguously encoded.
If Dist(φA, φB) is between thres1 and thres2, they are critically encoded. If Dist(φA, φB) is lower than thres2,
they are not reliable. This information is clearly represented in the color map of Figure 4a for the case
of the two-dipole structure. Each pixel corresponds to the distance between the two referred angular
positions. It is well visible that some angle codifications are not univocally defined (such as 60 degrees
and 20 degrees), because the distance between their encoding is below the imposed threshold.

Figure 4. (a) Chart mapping the distance for the two-dipole structure, and (b) three-dipole structure.
The three quantized levels of x = Dist(φA, φB) refer to the value assumed by the cross polar at f 1 and f 2

and by considering thres1 = 6 dB and thres2 = 3 dB. The unit cell is shown in the respective insets.

In order to improve the performance of the encoding scheme, it is necessary to increase the number
of involved frequencies. The introduction of a third dipole is obviously beneficial, as illustrated in
Figure 4b. The uncertainty has been considerably reduced and only angular values within the interval
(55◦, 80◦) suffer from a certain degree of ambiguity. To remove the remaining inefficiencies a fourth
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dipole is added. The final result is shown in Figure 5 where almost all the encodings satisfy both the
threshold levels, with just six couples of coded positions between the two; they are (10◦, 15◦), (65◦, 70◦),
(70◦, 75◦), (75◦, 80◦) and (85◦, 95◦). The only remaining critical couple is (5◦, 95◦). However, if the
starting position and the sense of rotation are known, the angular position can be monitored without
any ambiguity since 5 degrees and 95 degrees are not contiguous values.

Figure 5. (a) Chart mapping the distance for the four-dipole structure: the three quantized levels
of x = Dist(φA, φB) refer to the value assumed by the cross polar at f 1 and f 2 and by considering
thres1 = 6 dB and thres2 = 3 dB. The unit cell is shown in the respective inset; (b) example of application
of a 4 × 4 chipless RFID tag with four dipoles applied to a rotating object with a known reference for
monitoring the counterclockwise rotation.

If the starting point and rotation sense are known, an angular range that spans 180 degrees can
be considered successfully monitored as well (Figure 6). The resolution step of 3 degrees can also
be achieved if the minimum requested distance for considering two different unambiguously coded
angles (i.e., the value of thres2) is set equal to 2 dB (Figure 7).

Figure 6. Chart mapping the distance for the four-dipole structure when the considered angular
interval spans 180 degrees.
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Figure 7. (a) Chart mapping the distance for the four-dipole structure when the value of thres2 is set
equal to 3 dB and when (b) it is 2 dB. Resolution step of 3 degrees.

It is important to underline that if both the reference and the sense of rotation are known,
the proposed chipless RFID tag can potentially monitor the angular position of an object with
a resolution of up to 5 degrees, by using four fixed frequencies.

4. Measurements

A prototype of the sensor has been manufactured (Figure 8) and tested. The measurements
have been performed, by using a two-port Vector Network Analyzer (Keysight—E5071C) and
a dual-polarized horn antenna (Flann DP240), placed 40 cm from the tag. The tag has been rotated
manually every 5 degrees. The cross polar backscattering is represented by the measured S21.
This signal contains the response of the tag as well as the response of the environment. For this
reason, the measured raw signal has been improved, by subtracting the environment response(

Stag
cross = Stag

21 − Stag
21

)
. The cleaned signal Stag

cross, measured for all of the azimuthal angles has been
used to generate a map similar to the one already obtained by using the simulated data.

Figure 8. Prototype of the chipless RFID sensor for angular rotation monitoring comprising a set of
4 × 4 unit cells with four-dipole elements in each one.

The chart mapping the distance among the encodings of the different angular positions obtained
by using the measurements is illustrated in Figure 9. It is apparent that the map measurements
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agree to simulated data (Figure 5), with the only exception being angular positions close to
90 degrees. This small discrepancy could be due to some errors in the alignment with the
angular reference positions or the non-perfect orthogonality between the antenna and the tag axes.
Theoretically, the rotation speed is not an issue for the monitoring process. In practice, for typical
rotation speeds of wind generators (5–20 rpm) or robotic arms, even a non-dedicated hardware
and software platform can provide the reading. For very high rotation speeds (drilling machines
or turbines), the data acquisition may require a dedicated hardware and software platform in order to
guarantee real-time measurements.

Figure 9. Chart mapping the distance for the four-dipole structure obtained by measured data.

5. Conclusions

A novel chipless RFID sensor for monitoring the angular position of a rotating object has been
presented in this paper. The rotation state is encoded in the cross polar response of a tag, based on
a truncated periodic surface, composed of a set of dipoles. The adopted cross polarization response
allows the achievement of a reliable response even if it the chipless RFID sensor is applied on metallic
objects or in an environment with strong multipath. The proposed passive sensor needs only a small
set of reading frequencies that depend on the number of employed dipoles. A manufactured prototype
has been experimentally characterized and a good agreement between simulations and measurements
has been found.
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