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Abstract— A novel microwave system for measuring linear
displacements and velocities with sub-millimeter resolution and
for the implementation of near-field chipless radiofrequency
identification (chipless-RFID) systems with very high data
capacity is presented. The system is based on a reader, consisting
of a half-wavelength straight resonator coupled (through
capacitor gaps) to a pair of access lines, and a microwave
encoder, in relative motion to the reader and consisting of a linear
chain of strips orthogonally oriented to the chain axis. By
displacing the encoder over the half-wavelength resonator of the
reader, with the encoder strips parallel oriented to the reader
axis, the relative velocity and position between the encoder and
the reader can be inferred. For that purpose, the reader is fed by
a harmonic signal tuned to the resonance frequency that results
when an encoder strip is perfectly aligned with the reader.
Encoder motion amplitude modulates the feeding signal at the
output port, and both the position and the velocity are measured
from the peaks, or dips, of the resulting envelope function.
Moreover, by making certain strips inoperative, the system can
be used for coding purposes. Due to the small period of the
encoder (0.6 mm), a high per-unit-length data density in these
near-field chipless-RFID tags (i.e., 16.66 bits/cm) is achieved. To
illustrate the functionality and potential of the approach, 100-bit
chipless-RFID tags with various ID codes are implemented and
read.

Index Terms— Displacement sensors, velocity sensors,
chipless-RFID, microwave encoders, motion control.

I. INTRODUCTION

here are several approaches for the implementation of

displacement and velocity sensors based on microwave
technologies. In particular, a significant research effort has
been dedicated in the last decade to the development of
sensing systems where a transmission line is loaded with
resonant elements in relative motion respect to it [1]-[10]
(other sensors based on resonator-loaded lines, useful for
dielectric characterization and related applications, have been
also reported [11]-[25]). In several of the previous spatial
sensors, the relative displacement is determined from the
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Fig. 1. General block diagram of the AM system used for measuring angular
or linear velocities and displacements, or for the implementation of near-field
chipless-RFID systems.

variation in the resonance frequency that results when the
transmission line and the resonant element are in relative
motion (either linear or angular) [2],[6]. In other displacement
and velocity sensors, the working principle is coupling
modulation [3]-[5],[7]. Although frequency variation and
coupling modulation sensors are simple from a technological
viewpoint, their resolution and dynamic range are typically
limited. Moreover, frequency variation sensors may be
subjected to cross sensitivities caused by environmental
factors (e.g., frequency drifts caused by temperature variations
or changes in ambient moisture), and coupling modulation
Sensors are very sensitive to noise.

In [8], inspired by the optical encoders, a novel approach for
the measurement of angular displacements and velocities
based on microwaves was proposed. The working principle in
such sensors, similar to optical encoders, was pulse detection.
However, rather than apertures, which provide the relative
displacement and velocity between the moving object and a
fixed optical beam used to illuminate the apertures in an
optical system, in the sensor reported in [8] the pulses were
generated from a chain of resonant elements, particularly split
ring resonators [26]. In [8] and in subsequent works [9],[10],
such resonator chain was etched in the edge of the rotor, and
as many pulses per revolution as resonant elements in the
chain (or twice this value) were achieved. Up to 1.200 pulses,
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Fig. 2. Layout of the reader (a), and three-dimensional view of the reader with
a strip on top of it and perfectly aligned (b). Dimensions are (in mm): I,=21.2,
I,= 22.4, g = 0.2 and w = 0.4. The considered reader substrate is the Rogers
RO4003C with dielectric constant & = 3.55, thickness h = 0.81 mm and loss
tangent tand = 0.0021. The considered encoder substrate is the Rogers
RO4003C with dielectric constant & = 3.55, thickness h = 0.204 mm and loss
tangent tand = 0.0021.

providing an angular resolution of 0.3°, were demonstrated in
[9]). For pulse generation, caused by rotor motion, a
transmission line conveniently designed, acting as the stator of
the sensor system, was used in [8]-[10]. Through tag motion,
line-to-resonator coupling is modulated, and consequently the
transmission coefficient is modulated as well. Therefore, by
feeding the line with a harmonic signal conveniently tuned
(i.e., in the vicinity of the resonance frequency of the resonant
elements), the output signal is amplitude modulated (AM), and
the time distance between adjacent pulses, or dips, in the
envelope function is related to the relative velocity between
the stator and the rotor (Fig. 1). Therefore, relative
instantaneous velocities as well as displacements between the
stator and the rotor can be measured. Like in optical systems, a
figure of merit in these velocity and displacement sensors is
the number of pulses per time unit, intimately related to the
number of resonant elements per unit length. Thus, to increase
the number of pulses, it is necessary to reduce the period of
the resonator chain as much as possible.

The main aim of this paper is to implement a linear
displacement and velocity sensor based on coupling
modulation, similar to those reported in [8]-[10] for angular
measurements, with a period significantly smaller. For this
purpose, a novel reader and chain are designed. To optimize
the chain period, very narrow (0.4 mm) and tiny separated (0.2
mm) linear strips, oriented in the direction orthogonal to the
chain axis, are considered. By this means, we achieve a very
high density of strips per unit length, providing a high number
of pulses per time unit (obviously, the time density of pulses is
also determined by the relative velocity between the chain and
the reader). Moreover, as long as we can force the strip chain
to contain some inoperative strips, i.e., strips not detectable as
pulses by the reader, we can use this system for coding
purposes. Within this scenario, each strip provides a bit of
information with the logic state set to ‘1’ or ‘0’ depending on
whether the corresponding strip is operative or not. The strip
chain containing the code can be read through near-field by
means of the same reader used for measuring the linear
displacement or velocity. In this case, however, only the
pulses of those bits set to ‘1’ will appear in the envelope
function. Since these chipless-RFID tags are implemented as
chain patterns, reducing the chain period (as it is demonstrated
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Fig. 3. Simulated frequency responses (including losses) of the bare reader,
and reader loaded with perfectly aligned strips under different conditions,
including operative strip with nominal length, inoperative strip with cut in the
middle position, and inoperative strip with shortened length. The considered
air gap, or vertical distance between the tag and the reader is 0.2 mm. In all
the simulations a pair of adjacent operative strips has been considered.

in this paper) is fundamental in order to implement high data
capacity systems compatible with short tags (the 100-bit tags
reported in this paper are significantly shorter than other
previous tags with lower number of bits, used in similar near-
field chipless-RFID systems [27]-[34]).

Il. WORKING PRINCIPLE AND DESIGN

The principle of the proposed sensor and chipless-RFID
system is based on the variation of the transmission coefficient
of a bandpass microstrip structure (particularly an order-1
capacitively-coupled half-wavelength resonator bandpass
filter) experienced when a straight metallic strip, etched in an
independent substrate, is located on top of it at short distance.
Thus, in the proposed sensing/chipless-RFID system the active
part of the reader is a capacitively-coupled half-wavelength
resonator bandpass filter fed by a harmonic signal [see Fig.
2(a)]. The transmission coefficient of the bare structure, i.e.,
without strip on top of it (but with the presence of the
substrate where the strips are etched), exhibits a resonance
peak at roughly the frequency where the length of the line is
equivalent to a half wavelength. Actually such frequency
depends also on the pair of gaps present between the central
line section and the input and output access lines, since such
gaps provide a non-negligible reflection phase due to its
capacitive effect. The resonance condition can be written as

@1+ @, + 2Bl = 2mn (1)

where ¢ and ¢, are the reflection phases in gaps 1 and 2,
respectively, pli is the electrical length of the central
transmission line section, g and |; being the phase constant
and the physical length of such section, and n = 1, 2, 3,....
From (1), it follows that for an uncoupled resonator (with ¢, =
¢ = 0), the first resonance (n = 1) occurs when gl =7 (or Iy =
Al2, where A is the guided wavelength), as it is well known.
From (1), it is clear that the resonance condition can be
altered either by modifying the reflection phases or by
perturbing the phase constant (or both simultaneously). This
can be achieved by the presence of a straight strip on top of
the half-wavelength resonator, parallel oriented to the line
axis, with a length extending over the gap positions, as
indicated in Fig. 2(b). Figure 3 depicts the response of the bare
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Fig. 4. Cross-sectional view of the strips and reader corresponding to the four
responses depicted in Fig. 3. (a) Bare reader; (b) loaded reader with operative
strip; (c) loaded reader with inoperative strip with a cut in the central position;
(d) loaded reader with shortened inoperative strip.
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Fig. 5. Sketch illustrating the operation principle of the displacement/velocity
sensor and chipless-RFID system.

reader inferred from full wave electromagnetic simulation
(using Keysight Momentum), as well as the response of the
reader with a perfectly aligned strip on top of it, where it can
be appreciated that the resonance peak is shifted to lower
frequencies. Actually, the responses of the bare and loaded
reader have been obtained by considering the presence of
adjacent strips separated 0.2 mm (corresponding to a period of
0.6 mm). The reason is that for the measurement of
displacements and velocities, a strip chain is necessary, as will
be later shown.

For the application of this structure (reader and strip chain)
to near-field chipless-RFID, it is necessary to make
inoperative those strips of the tag corresponding to the logic
state ‘0’. The most canonical option is to eliminate such strips
(so that bit encoding is determined by the presence or absence
of strip). However, this is not the best option, in terms of cost,
for massive tag manufacturing, since each code needs a
different mask. Therefore, the preferred strategy in a real
scenario is to fabricate all-identical tags (using massive
printing processes such as screen-printing, rotogravure,
flexography, etc.), and then personalize (program) the tags by
means of low-cost systems, such as inkjet or laser ablation.

In [31]-[34], tag programming was achieved by cutting
certain resonant elements in the tag chain (making them
inoperative). In the system presented in this work, we have
considered two options to “write” the logic ‘0’ (strip
inoperative). The first one is to cut the strip in the central
position [see Fig. 4(c)]. The transmission coefficient, also
depicted in Fig. 3, is different to the one corresponding to the
presence of a functional strip on top of the reader, but it is far
from the response of the bare reader. The reason is thought to
be due to the fact that the main cause of resonance variation is
the modification of the effective capacitance of the gap, which
is not altered by implementing a cut in the central position of
the strip. The second approach consists of shortening the strips
by the extremes [see Fig. 4(d)], providing a strip length
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Fig. 6. Transmission coefficient at f, as a function of the relative displacement
between the reader and the strip chain. Two cases are considered, i.e., with all
strips operative, and with operative and inoperative (shortened) strips
alternating.

identical to the one of the resonant element of the reader. By
this means, the effect of the strip on the gap capacitance is
expected to be smaller, and, consequently, a response closer to
the one of the bare reader is expected. This is confirmed in
Fig. 3, where such response is also depicted. According to
these results, tag programming should be done through the
second considered approach, i.e., by shortening the strip, since
the resulting response, very similar to the one of the bare
reader, exhibits a significant excursion of the transmission
coefficient at the resonance frequency of the reader loaded
with operative strip, fo, indicated in Fig. 3.

For the measurement of displacements and velocities, as
well as for tag reading in a near-field chipless-RFID scenario,
the idea is to displace the strip chain above the reader at short
distance (the considered air gap in the results depicted in Fig.
3is 0.2 mm). For proper tag reading or displacement/velocity
measurement, it is necessary that the strip chain is oriented
with the strips parallel to the reader axis. Moreover, the central
position of the strips must coincide to a good approximation
with the central position of the half-wavelength resonator of
the reader. By tuning the feeding harmonic signal of the reader
to fo (the resonance peak of the loaded reader), the amplitude
of the output signal is expected to be modulated by strip (or
tag) motion. From the envelope function, which can be
inferred from an envelope detector preceded by an isolator (to
avoid unwanted reflections from the diode), the relative
velocity/displacement between the strip chain in motion and
the fixed reader, or the identification (ID) code of the tag, can
be inferred. The operation principle is illustrated in Fig. 5.

For displacement and velocity measurements, all the strips
should be present and functional for resolution optimization.
Since the chain period is known (0.6 mm in our case), from
the distance between adjacent peaks, or dips, in the envelope
function, the velocity of the strip chain in motion can be
obtained. The relative displacement can be simply derived
from the number of cumulative peaks, or dips, appearing from
a reference position. According to Fig. 3, the excursion
experienced by the transmission coefficient at fo when the strip
is made inoperative (by shortening it) is significant. However,
this does not ensure an important variation of the transmission
coefficient at that frequency by strip motion, if the strips are



tiny separated (as pursued in this work for resolution
optimization). To analyze this important aspect, we have
obtained the transmission coefficient at f, for different relative
displacements between the reader and the strip chain (where 5
operative strips separated 0.2 mm, providing a chain period of
0.6 mm, have been considered).
The result is depicted in Fig. 6. It can be seen that the variation
of the transmission coefficient is roughly 3.7 dB, which may
be enough to achieve a non-negligible modulation index in the
output signal of the reader line, and hence an envelope
function with readable (distinguishable) peaks, or dips.

By alternating the functionality of the strips (i.e., the central
and the outer strips operative and the other two shortened),
roughly equivalent to duplicate the chain period, the excursion
experienced by the transmission coefficient is as high as 16.4
dB (see Fig. 6). This later situation is much better in terms of
robustness, since a larger dynamic range in the envelope
function is expected, but with the penalty of a degraded
resolution. For this main reason, we have maintained the
period of the strip chain in 0.6 mm in the fabricated chains (or
tags). Obviously, intermediate periods can be considered, but,
as mentioned, the main aim of this paper is to drive the
resolution to the limits imposed by the available technology
(the period in the resonant chains of the sensors reported in
[9],[10], based on a similar principle, is 2.2 mm).

This small resolution for displacement and velocity
measurements has direct impact on data density when the
structure is used as chipless-RFID system. In this later case,
the relative velocity between the reader and the tag (the strip
chain) must be well known and stable during a reading
operation. From a mechanical viewpoint, implementing a
guiding system providing a uniform tag speed in a real
scenario is not an issue (nevertheless, this mechanical aspect is
out of the scope of this paper, purely focused on the
electromagnetic and electronic blocks of the system). The
need to know the tag velocity with regard to the reader comes
from the fact that such velocity determines the time instants
where the envelope function must be read. In this regard, it
should be mentioned that header bits with all strips operative
(‘1”) may be added at the beginning of the ID code in order to
provide the information relative to the tag velocity.

Another important aspect related to robustness, is the
readability of the system when it is subjected to mechanical
vibrations or misalignments. Thus, we have studied the effects
of misalignment/orientation and vertical distance (gap)
variation between the reader and the strip chain on the
response of the system, particularly, the transmission
coefficient at fo. For that purpose, a case example has been
considered, i.e., a 5-strip chain with alternating operative and
inoperative strips (identical to the one considered in Fig. 6).
Figure 7(a) depicts the simulated responses obtained by
displacing the strip chain over the reader for different lateral
misalignments. It can be seen that the system is tolerant up to
lateral displacements of roughly +0.8 mm (above that value,
the operative and inoperative strips cannot be distinguished).
Nevertheless, it should be mentioned that by elongating the
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Fig. 7. Effects of lateral misalignment (a) and lack of alignment by rotation
(b) on the transmission coefficient at f, when the strip chain is displaced over
the reader. The considered air gap is 0.2 mm.
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Fig. 8. Effects of air gap on the transmission coefficient at f, when the strip
chain is displaced over the reader. (a) Air gaps above 0.2 mm; (b) air gaps
below 0.2 mm.

strips (with the penalty of larger size), the above tolerance in
lateral displacement can be improved.

Let us now consider the effects of misalignment in relative
orientation (rotation) between the strip chain and the reader.



(a) (b)
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Fig. 10. Photograph of the experimental setup.

For that purpose, we have obtained the response inferred by
displacing the strip chain over the reader for different angles
between the line axis (reader) and the axis of the strips in the
chain (the perfect situation corresponding to an angle of 0°).
The results, depicted in Fig. 7(b), indicate that the system is
tolerant up to an angle of roughly +3° which is reasonable
from a practical viewpoint. Better tolerance against lack of
alignment by rotation can be obtained, but at the expense of
wider line and strips (which represents a penalty in terms of
data density for chipless-RFID systems and resolution for
linear displacement measurements).

The effects of the air gap on the response of the system can
be seen in Fig. 8. The structure has been optimized for a
nominal air gap of 0.2 mm, where the maximum excursion of
the transmission coefficient results. Increasing the air gap
[Fig. 8(a)] reduces such excursion, but reasonable values are
obtained within the considered margin (up to 0.23 mm).
Figure 8(b) shows the responses that have been inferred by
decreasing the air gap. It is shown that even for a vertical
distance between the strip chain and the reader as small as
0.16 mm, the excursion experienced by the transmission
coefficient is reasonable. Hence, according to these results, we

can conclude that system tolerance against vertical distance is
at least in the range 0.16-0.23 mm.

It is worth mentioning that for air gaps of 0.16 mm and 0.17
mm, a double peak in the response is visible. This is due to the
fact that by decreasing the air gap, the maximum in the
frequency response of the structure (coincident with fp in Fig.
3, where the air gap is 0.2 mm) is displaced to the left. Under
these conditions, two separated maxima are expected when the
strip chain is displaced above the reader and the frequency of
the injected signal is fo. Obviously, such maxima are visible
(double peak) when the frequency of the maximum
transmission coefficient lies significantly below fo, and this
occurs for sufficiently small air gaps (such as 0.16 mm and
0.17 mm in our case).

I1l. EXPERIMENTAL RESULTS AND DISCUSSION
a. Linear displacement and velocity sensor

We have fabricated a strip chain consisting of 100 all-
identical operative strips by means of photo-etching on the
substrate indicated in the caption of Fig. 2. The active part of
the reader (i.e., the capacitively coupled half-wavelength
resonator bandpass filter) has been fabricated by means of a
milling machine LPKF-H100 on the substrate also indicated in
the caption of Fig. 2. The photographs of the chain and reader
are depicted in Fig. 9.

The frequency of the feeding (carrier) signal has been set to
fo = 4 GHz, and such signal has been generated by means of
the function generator Agilent E4438C. The envelope function
of the AM modulated signal present at the output port of the
active part of the reader has been inferred by means of an
envelope detector implemented by means of the Avago HSMS-
2860 Schottky diode and the N2795A active probe (with
capacitance 1 pF and resistance 1 MQ). Such envelope
detector has been preceded by an isolator (implemented by
means of a circulator, model ATM ATc4-8), in order to avoid
mismatching reflections from the diode, a highly nonlinear
device. The displacement of the strip chain over the active part
of the reader has been achieved by means of an in-house
guiding system to which the chain has been attached. The
photograph of the experimental setup is shown in Fig. 10.

After adequately orienting and positioning the strip chain
over the reference position, we have displaced the chain, and
we have recorded the envelope function in an oscilloscope
(model Agilent MSO-X-3104A). The resulting envelope
function is depicted in Fig. 11. Note that this function is not
exactly periodic. This is mainly due to the non-uniformity of
the air gap during the displacement of the strip (note also that
our guiding system cannot guarantee a uniform velocity, as
well). Nevertheless, from the distance between adjacent peaks,
or dips, the instantaneous linear velocity can be obtained.
According to the figure, the dips (appearing when the
intermediate position between two strips is perfectly aligned
with the line axis of the reader) are clearly visible and easily
identifiable. Such dip times, which can be easily recorded by
means of a post-processing unit, are then used to determine the
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Fig. 11. Measured normalized envelope function obtained by displacing the
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view).

linear velocity and the relative displacement between the
reader and the chain from the reference position. According to
Fig. 11, the average time interval between adjacent dips is
0.055 s, corresponding to an average displacement velocity of
1.09 cm/s.

The main advantage of this system for the measurement of
linear displacements and velocities is the fact that it exhibits a
large input dynamic range and, simultaneously, very good
resolution. Particularly, the resolution for linear displacement
measurement is dictated by the period, which is only 0.6 mm.
This is a very small resolution if we take into account that the
input dynamic range is only limited by the total length of the
strip chain. Therefore, this system may be of interest for
motion control, in applications where sub-millimeter
resolution and dynamic ranges of several centimeters or even
meters are needed. In displacement sensors based on a
transmission line loaded with a single resonant element (e.g.,
those reported in [2]-[6]) the resolution can be driven to lower
values, but the dynamic range is roughly limited by the size of
the resonant element, i.e., far from the dynamic ranges
achievable with the approach reported in this work.

For the measurement of instantaneous velocities, the key
figure of merit is the number of pulses per time unit, dictated
by the period of the strip chain (and obviously by the motion
speed). In this work, we have achieved a substantially smaller
period than those of other previously reported displacement
and velocity sensors [9],[10] (applied to the measurement of
angular velocities). This has been achieved by simply
replacing the rectangular resonant elements of the chains used
in [9],[10] by straight strips (orthogonally oriented to the chain
axis), and, obviously, by designing a new reader, able to detect
the functionality, or not, of such strips. By this means, the
period has been reduced from 2.2 mm in [9],[10] to 0.6 mm in
the sensor reported in this work.

Note that the variation experienced by the envelope function
in Fig. 11 reasonably correlates with the variation of the
transmission coefficient in Fig. 6. According to this figure, the
difference between the minima and the maxima of the
transmission coefficient at fo (when all the strips are operative)
is roughly —3.7 dB, which corresponds to a power ratio of 0.42
and to a voltage ratio of 0.65, close to the ratio between the
dip and peak levels in Fig. 11. This is a relatively high ratio
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Fig. 12. Measured normalized envelope function corresponding to the tags
with the indicated codes (shown in the insets, where zoom views are included
for clarity).

(although the peaks and dips can be perfectly discerned),
which is due to the fact that the resolution has been driven to
the limits, as discussed before. Note that by increasing
somehow the period of the strip chain, yet preserving a good
resolution, the ratio between the dip and peak levels in the
envelope function is expected to be significantly improved
(reduced). Note, for instance, that with a period of 1.2 mm
(equivalent to alternating operative and inoperative strips in a
0.6mm-period chain), the variation in the transmission
coefficient is as large as 16.4 dB (see Fig. 6). Consequently, a
smaller ratio between the dip and peak levels in the envelope
function should be expected in this case.

Concerning the maximum velocity that can be measured
with the proposed system, in a real scenario it is dictated by
the sampling frequency of the acquisition system, fs. For
reasonable values of fs, extremely high velocities can be
measured. For instance, if we consider a minimum number of
samples per cycle of the envelope function (distance between
adjacent pulses or dips) and this number is set to 100 samples
per cycle, then it follows that the time period (distance
between adjacent pulses, t,) should be not less than
100/fs, i.e., tp, > 100/fs. Therefore, the velocity must satisfy v
< pltp, where p is the period of the encoder (p = 0.6 mm in our
case), and the maximum velocity that can be measured, by
considering a reasonable sampling frequency of f;= 100 MHz,
is found to be 600 m/s, which is more than enough for most



applications. Concerning the lower limit, velocities as small as
required can be measured, obviously, assuming that at least
two adjacent pulses (or dips) are needed to determine the
relative velocity between the tag and the reader.

With regard to velocity resolution, it is related to time
resolution, given by the inverse of the sampling frequency
(i.e., tres = 1/f5). Since the velocity can be expressed as

v =L~ (1F1%), @)

P Tpttres  Tm Tm

Tm being the time distance between adjacent pulses, it follows

that the velocity resolution is given by
Upres = % = ptTrf = 175 % (3)
and it depends on the linear velocity. To give an idea of
specific values, the velocity resolution resulting from (3), by
considering a nominal velocity of 0.1 m/s (with p = 0.6 mm
and f; = 100 MHz), is as small as 1.66x107 m/s. By
considering a higher velocity, e.g., 100 m/s, the resolution is
found to be 0.166 m/s. Note that for a given period and
sampling frequency, or trs, the resolution varies quadratically
with the nominal velocity. This explains the degradation of the
resolution with velocity. Indeed, a relevant parameter is the
ratio between the resolution and velocity, i.e.,
Up,res tres
Z:,—p =vp 4
which is found to be proportional to the nominal velocity.
Another important parameter related to sensor performance
is the error in the determination of the linear velocity. As long
as the time period in this work is determined from the distance
between adjacent dips (see Fig. 11), such error depends on dip
width and distance between dips. As it was pointed out in
[9],[10], narrower dips provide smaller error. Nevertheless, the
accuracy can be improved either by averaging over
several dips, or by considering distant dips (assuming in
both cases a degradation in the ability of the sensor to
detect velocity variations in small time lapses). Dip width
can be estimated by a predefined percentage variation from the
minima, e.g., 2%. With this (conservative) value, the ratio
between the dip width and distance between adjacent dips is
found to be 0.03, corresponding to a time error of 3% and
roughly to the same velocity error. Note, however, that such
error can be reduced by an order of magnitude by simply
determining the velocity from the time interval corresponding
to 10 dips.

b. Chipless-RFID system

To demonstrate the potential of this system for near field-
chipless-RFID applications, we have programmed three codes
from the single fabricated 100-bit tag with all bits set to ‘1°,
i.e., the strip chain shown in Fig. 9(a). As mentioned before,
the different codes have been generated by slightly shortening
those strips associated to the logic state ‘0’. We have done this
by a milling procedure, but processes such as laser ablation
can be envisaged in a real scenario. Alternatively, all-identical
tags with all bits set to ‘0’ (i.e., with shortened strips) can be

fabricated, and then programmed by elongating the
metallization of certain strips (those which should be set to
‘1’) by means of a printing process (e.g., inkjet printing). The
normalized envelope functions and the generated codes are
depicted in Fig. 12. It can be seen that the tags are correctly
read by virtue of the maxima and minima associated to the
logic ‘1’ and ‘0’ states, respectively. Note that in the tag with
sequence ‘101010...° the average ratio between the minimum
and the maximum in the envelope function is very small, in
agreement with the 16.4 dB variation in the transmission
coefficient at fo inferred by displacing the tag (see Fig. 6).
Such envelope function confirms the smaller achievable ratios
between dips and peaks when the “effective” chain period is
increased, as anticipated before.

Conceptually, the present near-field chipless-RFID system is
similar to those reported in previous papers [27]-[34].
However, the main benefit of the proposed system is the fact
that the tag period has been substantially reduced. This means
that the per-unit length data density, as high as 16.66 bits/cm,
is substantially larger than in the tags reported, e.g., in [31]-
[33] (specifically, more than 5 times larger). Indeed, the
proposed 100-bit tag is as short as 6 cm. By contrast, the 84-
bit tag reported in [33] exhibits a length of 26.7 cm
(corresponding to a per unit length data density of 3.14
bit/cm). Obviously, by using straight strips orthogonally
oriented with regard to the chain axis, the width of the
proposed tags (2.24 cm) is larger than the one of the tags
reported in [33] (0.35 cm). However, in these tags based on
near-field coupling and sequential bit reading, implemented as
chains of metallic patterns, the limiting factor (when a large
number of bits is necessary) is dictated by tag length, provided
the width is constrained within reasonable values. Therefore,
the proposed approach represents a good solution in this
regard. The data capacity of the presented tags (100 bits) is by
far larger than the data capacity reported to date in other
chipless-RFID tags (an exhaustive comparative analysis of the
different chipless-RFID technologies can be found in [34]).

Another important difference between the present system
and those reported in [27]-[34] concerns the fact that in the
structures reported in the above references, the tag chain is
composed of resonant elements, and such elements are
identical to the one present in the reader (either S-shaped split
ring resonators, S-SRRs, or simply SRRs). In this paper, the
elements of the tag (straight strips) modify the resonance
frequency of the reader line (an order-1 bandpass filter),
thereby modulating the amplitude of the interrogation signal,
but such elements do not act as resonant elements. Note also
that the microwave part of the reader, the one needed to detect
the presence of operative or inoperative strips through the
amplitude of the envelope function, is completely different as
compared to papers [27]-[34].

The main focus of this paper has been to decrease the period
of the tag chain as much as possible in order to improve the
resolution in the displacement sensor, and the density of bits
per unit length in the chipless-RFID system. We have
achieved a period of 0.6 mm, much smaller than those
reported in the chipless-RFID systems of [27]-[34] and in the



angular velocity sensors of [8]-[10]). Such small period has
been achieved thanks to the new combination of encoder and
reader topology, able to detect the dips/pulses with such small
separation between the tag elements. Moreover, although the
excursion experienced by the transmission coefficient (as
consequence of a bit variation in the 1D coding sequence) is
larger in [31]-[33], it can be appreciated in Fig. 12 that the
different codes can be perfectly read.

It is worth mentioning that a properly encoded tag (e.g., with
a non-symmetric periodic sequence) may be used as linear
displacements and velocity sensor, with the capability to
detect the direction of motion. Note, however, that motion
direction detection with this procedure has the penalty of a
worst displacement resolution, due to the reduction in the
number of pulses. Also, the capability to measure
instantaneous velocities is degraded, since variations in time
lapses smaller than the encoder period cannot be detected.
Nevertheless, in its functionality as linear displacement and
velocity sensor, either with all functional resonators or with an
encoded sequence, the proposed structure may be useful for
many motion control applications, where the velocity does not
experience strong variations with time.

IV. CONCLUSIONS

In conclusion, a novel near-field approach useful for the
measurement of linear displacements and instantaneous
velocities, as well as for the implementation of chipless-RFID
systems has been presented in this paper. The approach is
based on a periodic chain of straight metallic strips etched on a
dielectric substrate. Such strips chain acts as the mobile
element in the displacement/velocity sensor, or as the element
containing the ID code (or tag) in the chipless-RFID system.
In this later case, however, certain strips should be slightly
shortened (making them inoperative), according to the
required bit code, since each strip in the chain corresponds to a
single bit element. For tag reading, an element able to
distinguish the longer and shorter strips is required, and for
that purpose, a capacitively coupled half-wavelength resonator
order-1 bandpass filter (the active part of the reader), fed by a
harmonic signal conveniently tuned, has been used. Such
element has been also used for displacement and velocity
measurements, since, with additional electronics, it is able to
provide the time interval between two adjacent strips crossing
a fixed point (the reader), and hence the relative velocity and
displacement. For such measurements, and for tag reading, the
strip chain is displaced above the active part of the reader, in
close proximity to it. By this means, the output signal is
amplitude modulated due to the effects of the operative strips
on the transmission coefficient at the frequency of the feeding
signal, and the information relative to the displacement and
velocity, as well as the 1D code, is contained in the envelope
function. As sensing element, the reported device exhibits sub-
millimeter resolution (0.6 mm) and high input dynamic range
for linear displacement measurement. Moreover, by virtue of
the small chain period, the number of pulses per unit time, a
figure of merit in sensors devoted to the measurement of
instantaneous velocities, is very high. The main advantage of

the proposed system for chipless-RFID applications is the
achievable data capacity (100-bit tags have been reported),
compatible with small-sized tags, as short as 6 cm in the
present work. This high per unit length data capacity, the most
important figure of merit in chipless-RFID tags based on near-
field coupling and sequential bit reading, has been achieved,
again, thanks to the small period of the designed and
fabricated tags. The reported devices may be of interest for
accurate control motion, and for chipless-RFID, in
applications where the read distance can be sacrificed in favor
of a high data capacity (e.g. secure paper). To the best of our
knowledge, 100-bit chipless-RFID tags have been never
reported to date.
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