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Abstract—Recently, electromagnetic encoders with synchronous reading and direction detection capability have
been reported. Such structures are useful for the implementation of (i) displacement/velocity sensors and (ii) chipless-
RFID systems based on near-field coupling and sequential bit reading. In the latter, synchronous reading and motion
direction detection are a need in order to avoid false readings of the identification (ID) code, if the relative velocity
between the reader and the encoder is not constant, and to read the correct ID code (rather than the inverse one),
respectively. On the other hand, synchronous reading and motion direction detection, are essential to determine the
encoder direction in displacement/velocity sensors, as well as to provide the absolute position of the encoder,
provided that the whole encoder is encoded with the Bruijn sequence. In this paper, synchronous reading and direction
detection in high-resolution/high-density electromagnetic encoders based on chains of linearly-shaped metallic
inclusions are reported. To this end, it is necessary to add two chains of metallic inclusions to the one containing the
ID code. In the reader side, three harmonic signals are necessary in order to generate the clock signals and to obtain
the ID code. The reader consists of a microstrip line loaded with three pairs of open-ended folded stubs positioned
face-to-face by their extremes. By displacing the encoder chains over the extreme of the stubs, at short distance, stub
coupling is enhanced when a metallic inclusion lies on top of the stubs, and the frequency response of the reader is
shifted towards lower frequencies. Thus, by injecting three (properly tuned) harmonic signals at the input port of the
microstrip transmission line, three amplitude modulated (AM) signals are generated by tag motion at the output port
of such transmission line, and the envelope functions contain the velocity, the ID code and the absolute position. The
reported reader/encoder system exhibits superior space resolution and information density as compared to other
similar systems based on synchronous reading.

Index Terms—Chipless-RFID, electromagnetic encoders, microstrip technology, microwave sensors.

the reader side; (ii) the highly achievable data capacity (only
limited by the encoder, or tag, size), related to the fact that the
bits are read sequentially by displacing the tag over the sensitive
part of the reader at short distance. By contrast, in frequency-
domain chipless-RFID systems, wideband interrogation signals
are required, since the tags consist of a set of resonant elements
tuned to different frequencies. Moreover, the data capacity in
such systems is typically small (or moderate), since the
interrogation signal can cover only a limited spectral
bandwidth. The main limitation of these chipless-RFID systems
is the requirement of tag alignment and proximity with the
reader. However, this near-field system operation does not
represent a penalty in certain applications, especially those
devoted to security and authentication, where tag reading by
proximity guarantees major system confidence against spying
and eavesdropping. Secure paper, anti-counterfeiting of
premium products, etc., are some potential applications of these
near-field chipless-RFID systems based on microwave
encoders [9]. Note that laminated encoders with buried metallic
inclusions can be also implemented, thereby offering further
levels of security against copying or spying by direct sight.

I. Introduction

ELECTROMAGNETIC (or microwave) encoders may constitute
a good alternative to optical encoders [1]-[3] in scenarios
subjected to harsh and hostile conditions (i.e., with pollution,
dirtiness, grease, etc.). Such conditions are typical in many
mechanical systems where an accurate control of the position
and velocity of their moving parts is essential (servomotors,
elevators, pointing mechanisms, conveyor belts, etc.). Thus,
electromagnetic encoders are of interest for motion control
applications, as low-cost displacement and velocity sensors
able to operate under extreme conditions, not optimal for their
optical counterparts [4]-[8].

It has also been demonstrated that electromagnetic encoders
can be applied to the implementation of high-data density (and
capacity) chipless-RFID systems based on near-field coupling
between the reader and the tag (the encoder) and sequential bit
reading [9]-[19]. In such application, two relevant advantages,
as compared to other chipless-RFID systems based on
frequency domain [20]-[52], can be highlighted: (i) the virtually
null bandwidth of the interrogation signal (a single-tone

harmonic signal), representing a significant cost reduction in
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the reproducibility of the encoders, not easy in both laminated
and bare encoders.

In the electromagnetic encoders reported in [4],[5],
implemented as circular periodic chains of metallic resonators
and aimed to the accurate measurement of angular
displacements and velocities, the rotation angle is determined
from the cumulative number of pulses from a reference (REF)
position, whereas the instantaneous velocity is inferred from the
time lapse between adjacent pulses (provided the period of the
encoder chain is well known). These incremental-type encoders
exhibit a fundamental limitation, i.e., if a reset occurs, the
information relative to the angular position is lost. In other
words, the encoders reported in [4],[5] do not provide the
absolute position, as most optical encoders do. These encoders
consist of periodic chains, with all the resonant elements
present at their predefined positions.

By contrast, microwave encoders used as chipless-RFID
tags are implemented by means of coded sequences, achieved
by the presence or absence of functional (operative) resonators,
or inclusions, at their predefined positions in the encoder chain
[9]. In such application, an N-bit chipless tag is read by
displacing it over the sensitive part of the reader, which
provides the ID code sequentially, bit by bit. In this case, a
constant, and well-known, relative velocity between the tag and
the reader is necessary, in order to avoid false readings. The
encoder velocity can be determined by means of header bits
[11],[13], but a uniform velocity may not be guaranteed in
certain applications. Thus, to provide system robustness against
potential ~ velocity  variations, a clock signal, for
synchronization, is required.

According to the previous words, adding a periodic chain to
near-field chipless-RFID tags is necessary in order to generate
a clock signal that prevents from false readings (related to
uncertainties in the relative velocity between the tag and the
reader). Thus, system synchronism dictating the instants of time
for sequentially reading the bits of the encoder is very
convenient. Nevertheless, the motion direction, and hence the
correct ID code of the encoder cannot be extracted by using
only a single clock chain. Note that, if the ID code is not
symmetric, the reading direction must be known. Preliminary
results of electromagnetic encoders with synchronous reading
have been recently reported by the authors by implementing the
encoders with chains of square or rectangular metallic patches.
In [53]-[55], a single chain of patches is considered, and the ID
code is given by the patch size (the clock signal being generated
by tag motion over the reader). By contrast, in [56], two
independent chains are considered, one for the ID code (the
binary states given by the presence or absence of patch), and
another one for the clock signal, which provides also the
velocity. This latter system is useful to determine the direction
of motion. However, in the systems reported in [53]-[56], the
encoder resolution (system used as position sensor) and the data
density per surface (system functionality as chipless-RFID tag),
are limited due to patch size and spacing (period).

In this paper, synchronous reading in electromagnetic
encoders (either devoted to position/velocity sensors or as
chipless-RFID tags), based on linearly shaped inclusions, is
introduced. Such inclusions are very narrow and oriented in the
direction orthogonal to axis of the tag chain, thereby
representing a good solution in terms of data density and

resolution. The main challenge of this work is the design of the
sensitive part of the reader, able to provide the clock signals as
well as the ID code. Indeed, the work is inspired by the structure
reported in [16]. The main novelty concerns the fact that for the
generation of the clock signal, necessary for synchronous
reading, a new sensing element tuned to a different frequency
is necessary. Moreover, a prototype able to provide also the
direction of motion of the encoder with regard to the reader is
also included in this paper. This requires a further sensing
element, thereby representing a major challenge from the
design viewpoint. The result is an encoder system with
synchronous reading and motion direction detection capacity,
with very competitive information density and resolution,
implemented for the first time with linear metallic strips.

Il. READER AND ENCODER DESIGN

The strategy for synchronously reading the considered
encoders is to implement two chains of metallic inclusions,
dedicating one to the ID code, and the other one to the clock
signal. Naturally, in the ID chain, encoding is achieved by the
presence (‘1° logic state) or absence (‘0’ logic state) of
functional metallic inclusions. By contrast, all the inclusions are
present, and hence functional, in the clock chain. Nevertheless,
for displacement direction detection, the encoder must be
implemented by etching three chains of metallic inclusions in
the tag substrate. One of such chains contains the ID code,
whereas from the other two, it is possible to infer the velocity
and motion direction, as it will be shown next. In this paper, a
synchronous reader/encoder system is first presented, and then
the motion direction detection capability is introduced in a new

prototype.

A. Synchronous Reader for Encoders Based on Linear
Metallic Strips

The working principle of the proposed system based on
electromagnetic encoders with synchronous reading is depicted
in Fig. 1. According to this sketch, a combiner should be
connected to the input port of the sensitive part of the reader in
order to inject the two required harmonic signals (interrogation
signals). On the other hand, in order to separately obtain the
clock signal and the ID code, an inverse scheme (based on a
duplexer) is applied to the output port, as it can be appreciated
in Fig. 1. Such system is similar to the one presented in [16].
However, in the work presented in this paper, the reader is a
microstrip transmission line loaded with two pairs of folded
open-ended stubs. The layout of the reader/encoder structure is
depicted in Fig. 2. In [16], an unprecedented per-unit-length and
per-unit-surface data density in chipless RFID systems based
on near-field coupling and sequential bit reading was achieved.
The reader used a single pair of identical folded open-ended
stubs. Such structure exhibits a single transmission zero at the
frequency where the stub length is a quarter-wavelength, as
expected. Despite the fact that the extremes of the stubs are
face-to-face, inter-stub coupling is negligible. However, when
a metallic strip is located on top of the extremes of the stubs, at
short distance, inter-stub coupling increases and the
transmission zero splits. Furthermore, the reader designed in
[16] exhibits a reflection zero, whose frequency position
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Fig. 1. Sketch showing the working principle of the proposed
reader/encoder system based on metallic inclusions and synchronous
reading.
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Fig. 2. Layout of reader/encoder structure based on a microstrip
transmission line loaded with two pairs of folded open-ended stubs.
Dimensions (in mm) are: W = 1.81, |, = 24.39, |,=12.33, w; = 1.80, s; =
1.60, P =1.20, ws = 0.20 and Is = 6.40.

depends on the distance between the contact points of the stubs
to the host line.

According to the previous words, it is possible to achieve a
large excursion of the transmission coefficient by designing the
structure so that the reflection zero of the bare reader, f.,
coincides with the first transmission zero, f,, of the loaded
reader, i.e., with a functional metallic inclusion on top of it.
Thus, if the reader is fed with a harmonic signal (interrogation
signal) tuned to the reflection zero frequency (fo), an AM
modulated signal containing the ID code will be generated at
the output port of the microstrip transmission line by tag
motion. Such ID code can be extracted from the envelope of the
AM signal by means an envelope detector, provided the
encoder period is well known and the relative velocity between
the sensitive part of the reader and the encoder is constant and
well known. However, in the system proposed in [16], if such
relative velocity is not constant, a correct bit reading cannot be
guaranteed.

In this work, as mentioned before, the sensitive part of the
reader of Fig. 2 has been implemented with two different pairs
of folded open-ended stubs, thereby providing two transmission
zeros and two reflection zeros to the frequency response of the
bare reader. Therefore, two independent chains must be
considered in order to separately obtain the ID code and the
clock signal. In the clock chain, all the metallic inclusions are
present at predefined position in order to determine the instants
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Fig. 3. Electromagnetic simulation (including losses) and measured
frequency responses of the: (a) bare reader, (b) reader with the longer
stub pair loaded with a metallic strip on top of it, and (c) reader with the
shorter stub pair loaded with a metallic strip on top of it.
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Fig. 4. Variation of the transmission coefficient at the interrogation signal
frequencies (f.; and f.,) resulting by displacing 7 metallic elements over
the reader. The considered airgap is 0.2 mm. Note that although the
maximum transmission is not close to 0 dB, a significant excursion of
the transmission coefficient is achieved.

of time for synchronously reading the ID code, as well as the
relative velocity (or even acceleration) of the encoder with
regard to the sensitive part of the reader.

The reader has been designed in order to exhibit the two
reflection zeros, f.; and f.», in the vicinity of the two
transmission zeros, f-; and f.», (that appear when the
corresponding stub length is a quarter-wavelength). Figure 3
plots the lossy electromagnetic simulation, inferred by means
of Keysight ADS, and the measured response of the: (i) bare
reader and (ii) reader with only one stub pair loaded with a
metallic inclusion on top of it (two cases). The considered
substrate is the Rogers RO4003C with dielectric constant
& =3.55, thickness 2 = 0.81 mm, and loss tangent
tano= 0.0021. For the encoder, the substrate is the same of the
reader, but with thickness 2 = 0.204 mm. Note that, in the
transmission coefficient of the bare reader, the transmission
zero frequencies are roughly f-; = 2.1 GHz and f., = 4.2 GHz.
Therefore, it is guaranteed that both chains of metallic elements
modify only the corresponding transmission zero when the
encoder is displaced over the reader, as demonstrated in Fig. 3.
On the other hand, by feeding the reader line with two harmonic
interrogation signals tuned to f¢; =2.02 GHz and f;> = 3.98 GHz,
a significant excursion of the transmission coefficient results by
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(b)

Fig. 5. Photograph of the fabricated sensitive part of the reader (a) and
encoders (b).

4

Fig. 6. Photograph of the experimental setup.

tag motion. This can be appreciated in Fig. 4, where the
variation of the transmission coefficient at the interrogation
signal frequencies (f.; and f.,) has been obtained (by means of
simulation) by displacing 7 metallic inclusions over the reader.

For experimental validation, two different 16-bit encoders
have been fabricated. The photographs of such encoders and the
sensitive part of the reader are depicted in Fig 5. The fabrication
has been carried out by means of a LPKF-100 milling machine
on the substrate indicated before.

The photograph of the experimental set-up is shown in Fig.
6. The two necessary interrogation signals (tuned to fe1 and fc2)
to synchronous reading the ID code of the encoder, have been
injected independently at the input port of the microstrip
transmission line, and we have obtained the envelope signal for
each case. Such interrogation signals have been generated by
means of a network analyzer (model Agilent N52214), whereas
an oscilloscope (model Agilent MSO-X-3104A) has been used
to visualize the ID code of the encoder. The envelope detector
has been implemented by means of a Schottky diode (model
Avago HSMS- 2860) and the N27954 active probe (with
capacitance C = 1 pF and resistance R = 1 M{1). A circulator
(model ATM ATc4-8) has been used in order to avoid reflections
from the Schottky diode. Finally, the relative displacement
between the sensitive part of the reader and the encoder has
been achieved by means of a linear displacement system (model

0.8
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Fig. 7. Measured envelope function of the 16-bit encoders with the

indicated codes. The considered airgap is 0.2 mm.
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Fig. 8. Sketch showing the working principle of the proposed
reader/encoder system based on metallic inclusions and synchronous
reading with direction detection capability.
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Fig. 9. Layout of reader/encoder structure based on a microstrip
transmission line loaded with three pair of folded open-ended stubs.
Dimensions (in mm) are: W = 1.81, |, = 24.39, |,= 12.33, I;= 48.60,
w; =1.80, w, = 3.40, s; = 1.60, s, = 0.90, P = 1.20, ws = 0.20 and
ls = 6.40.

STM 230Q-3AN). Such system allows us to control the vertical
distance (air gap) between the sensitive part of the reader and
the encoder, the relative velocity, or even the acceleration of the
encoder.

With this experimental setup, the measured envelope
functions, corresponding to the 16-bit encoders of Fig. 5(b),
have been inferred by displacing such encoders over the
sensitive part of the reader [see Fig. 5(a)]. As it can be
appreciated from Fig. 7(a) and Fig. 7(b), the measured envelope
functions, corresponding to ID code and clock signals (which
perfectly determine the instants of time for sequentially reading
the ID code of the encoder), exhibit dips when a strip is on top
of the corresponding stub pair. For the clock signal, the dips
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Fig. 10. Variation of the transmission coefficient at the interrogation
signal frequencies (f1, fe and fes) resulting by displacing 7 metallic
elements over the reader. The considered airgap is 0.2 mm.

appear at periodic time intervals because the velocity of the
linear displacement system is constant, i.e., the nominal
velocity is 10 mm/s. The displacement velocity that results from
the time interval between adjacent peaks, 7= 0.121 s, and the
encoder period, P = 1.2 mm, is 9.92 mm/s (in good agreement
with the nominal value).

As mentioned before, with this synchronous reader/encoder
structure, a constant velocity of the encoder with regard to the
sensitive part of the reader (in order to read the ID code) is not
necessary. To demonstrate this aspect, Fig. 7(c) depicts the
measured envelope functions of the encoder with the indicated
code [the same one as the Fig.7 (a)], when it is displaced over
the sensitive part of the reader with a nominal acceleration of 3
mm/s?. With this result, it is validated that, regardless of the
instantaneous velocity of the encoder with regard to the
sensitive part of the reader, the ID code of the encoder can be
extracted. Nevertheless, note that, with the synchronous
reader/encoder structure presented in this section, it is not
possible to distinguish the direction of the encoder, and hence,
it is not possible to guarantee the reading of the proper ID code.

B. Synchronous Reader with direction detection for
Encoders Based on Linear Metallic Strips

As aforementioned, with the structure presented in the
previous section, it is not possible to determine the motion
direction. To this end, it is necessary to provide a redundant
clock signal by adding a third folded open-ended stub pair in
the sensitive part of the reader, and a third strip chain in the
encoder (with all metallic inclusions present). By these means,
a third transmission zero, f;3, and reflection zero, fcs, is added to
the frequency response of the bare reader. Obviously, to
determine the motion direction, the reader must be fed with a
third harmonic (interrogation) signal tuned to fcs, which will be
AM modulated by tag motion at the output port of the
microstrip transmission line. The sketch of the working
principle and layout of the reader/encoder structure are depicted
in Fig. 8 and Fig. 9, respectively. Note that the period of both
clock chains is identical. Nevertheless, the fact that such period
does not coincide with the distance s, (see Fig. 9) implies that
one clock signal will be lagged or leaded with regard to the
other. Such aspect can be seen in Figure 10, where a variation
of the transmission coefficient at the interrogation signal
(fer = 2.02 GHz, fe = 3.98 GHz and fis = 0.959 GHz) has been
obtained (by means of simulation) by displacing 7 metallic
inclusions over the reader. Thus, by using two clock signals, the

Fig. 11. Photograph of the fabricated sensitive part of the reader (a) and
the encoder (b).

@ ‘—ID code signal ------
0.9 T=0120s
> E+
0.64+—_
B (T A '*\ Iy Ty = .\
0 v e A
. v l'l " U] Bl [T R
n "l,' o BT A e (O PR (PR TR N TR
R R U oo L L
< 00 . —
S (b) 0 01 1110000
>O

T=0120s

Time(s)

Fig. 12. Measured envelope function of the 16-bit encoder with the
indicated code by considering encoder motion with (a) constant velocity
and (b) constant acceleration. The considered airgap is 0.2 mm.

displacement direction, and hence the correct ID code, can be
inferred.

On the other hand, it is also possible to provide the absolute
position of the encoder. Such absolute position can be
determined by using the Bruijn sequence [57], which
guarantees that any N-bit sub-code does not repeat for the total
set of different positions of the encoder [56]. Therefore, it is
necessary to read a bit of the coded chain, at a determined
position, plus the previous N-1 bits in order to obtain the
absolute position of the encoder. If L is the total length of the
encoder and p is the distance between adjacent strips (period, or
spatial resolution), the total number of different positions is thus
L/p. Consequently, the number of bits of the sub-code required
to unambiguously determine the encoder position must satisfy

N > log, (g) (€Y

For instance, for an encoder length of L = 1 m, and period of
p=1.20 mm, N =10 bits suffice to determine the position. Note
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that the system must incorporate a table with the position
assigned to the different N-bit sub-code sequences, and this is
necessary for both motion directions. Naturally, after a system
reset, it is necessary that the encoder moves N strip positions in
order to read the necessary N bits of the sub-code. For this main
reason it is reasonable to consider that the proposed system is
able to provide the quasi-absolute (rather than absolute)
position of the encoder.

For validation purposes, a 16-bit encoder (N = 4), with a
specific De Bruijn sequence, has been fabricated. The
photographs of such encoder and sensitive part of the reader are
depicted in Fig 11. It must be pointed out that the encoder and
the sensitive part of the reader have been implemented on the
same substrate as the one used in the synchronous
reader/encoder structure presented in the previous section, and
measured with the experimental setup shown in Fig. 6.

The three measured envelope functions of the fabricated
encoder, by considering constant velocity as well as constant
acceleration of the encoder with regard to the sensitive part of
the reader, are depicted in Fig. 12(a) and Fig. 12(b),
respectively. As pointed out before, the presence of metallic
inclusions on top of the extremes of the stubs, at short distance,
are revealed as dips in the measured envelope functions. In Fig.
12(a) the encoder is displaced with a nominal constant velocity
of the 10 mm/s. As expected, the redundant clock signal
(Clock») is advanced with regard to the clock signal (Clock;).
Therefore, the motion direction of the encoder can be inferred,
and hence, the proper ID code can be extracted from the
envelope function. Moreover, from adjacent pulses, the encoder
velocity is found to be 10 mm/s, which is in excellent agreement
with the considered nominal value. With regard to Fig. 12 (b),
the encoder has been displaced over the sensitive part of the
reader with a nominal constant acceleration of 3 mm/s?. As can
be seen, the encoder direction as well as the ID code (and hence
the absolute position) can be inferred independently of the
velocity of the encoder with regard to the sensitive part of the
reader. Therefore, with the results obtained, it is clear that the
functionality of the system is validated.

An important aspect in these encoders systems is the potential
lack of alignment between the encoder and the reader. This
aspect was studied in [16], where the effects of lateral
misalignments between the encoder and the reader, as well as
misalignments caused by rotation were considered. From that
study, it was concluded that the system was tolerant to lateral
shifts of the order of £1 mm, and rotations of around £3°. With
these values, it seems feasible the use of the proposed systems
in a real scenario.

Ill. COMPARISON WITH OTHERS SYNCHRONOUS
APPROACHES

A figure of merit in linear displacement/velocity sensors
based on microwave encoders is the number of pulses per unit
of length. Such figure of merit is directly related to the space
resolution, and hence, directly related to the encoder period, i.e.,
1.2 mm in our case. On the other hand, in chipless RFID
systems, the density of information per surface (DPS) is one of
the most important figures of merit. With such figure of merit,
it is possible to compare different chipless RFID encoders as far
as size is concerned. The higher the value of this parameter, the

TABLE |
COMPARISON OF DIFFERENT SYNCHRONOUS APPROACHES
Direction DPS DPL
Ref. SYNC. Getection  (bitslom?)  (bitslcm)
[53] Yes No 0.60 0.67
[54] Yes No 1.15 1.67
[55] Yes No 1.19 1.72
[56] Yes Yes 0.76 2.29
Thiswork1l  Yes No 2.35 6.96
Thiswork2  Yes Yes 1.63 6.96
TABLE Il

COMPARATIVE ANALYSIS OF VARIOUS CHIPLESS-RFID TAGS

o~

Ref
BW (GHz)
Bits
Area (cm)
DPF
(bit/GHz)
DPS
(bit/cm?)
DPL
(bits/cm)

Time-domain (Pulsed interrogation signal)

[58] 4 59.4 0.07 0.02
[59] 005 2 40 0.10
[60] 4 0.06
[61] 8 0.20
[62] 0.8 5 26 6.25 0.19 0.19
[63] 2 70.0 0.03
[64] 2 8.75 0.23
Time-domain (Harmonic interrogation signal)
[6] * 40 540 * 7.40 3
[13] * 80 9.44 * 8.47 3
[14] * 100 20.4 * 490 16.7
[15] * 100 134 * 746 16.7
[16] * 100 3.84 * 26.0 16.7
[19] * 15  9.04 * 1.66 299
Thiswork 1 * 16 6.81 * 235 6.96
This work 2 * 16 9.64 * 1.66 6.96
Frequency-domain
[22] 1 5 6.48 111 0.77
[24] 75 35 572 897 061
[26] 0.2 5 50.1 25.0 0.10
[29] 2 20 175 100 114
[30] 35 9 3.00 257 3.00
[31] 75 19 9.00 253 211
[33] 7 285 800 4.07 356
[34] 75 24 576 320 417
[39] 12 20 175 167 1.14
Hybrid
[41] 5 229 800 458 286
[43] 6.4 64 109 10.0 5.88
[49] 1 16 6.75 16.0 237
[47] 3 9 720 3.00 1.25

* The spectral bandwidth of this approach is virtually null due to the fact that
the interrogation signal is harmonic.

smaller the size of the encoder. Nevertheless, in the particular
case of chipless-RFID systems based on near-field coupling and
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sequential bit reading, the most relevant parameter is the
density of information per unit length (DPL), since, usually, the
encoders are implemented as linear chains of inclusions
(metallics in this case). Note that the DPL can be used to
compare different approaches for the implementation of
electromagnetic encoders, since the pulses, or dips, generated
in the envelope function in linear displacement/velocity sensors
can be interpreted as bits of information in chipless-RFID
systems.

Table | compares the synchronous reader/encoder structures
presented in this work with other approaches based on the same
working principle, in terms of DPL and DPS. Another
important aspect, also reflected in Table I, is the capability to
detect the motion direction. As it can be seen, the prototype of
Section 11.B, able to discriminate the motion direction, exhibits
a DPL which is more than 3 times the DPL of [56], and a DPS
which is twice the DPS of [56]. It is important to mention that,
to the best of our knowledge, [56] is the unique synchronous
approach based on microwave encoders with direction
detection capability in the literature. Regardless of this motion
detection capability, the two prototypes presented in this paper,
exhibit significantly higher DPL and DPS, in comparison to the
other implementations indicated in Table I.

In the encoders of Table I, reading takes place
synchronously, and such encoders can be useful as
displacement/velocity sensors or as chipless-RFID tags based
on near-field coupling and sequential bit reading. For this later
functionality, it is also pertinent to extend the comparison of the
system proposed in this paper with other chipless-RFID
systems, including frequency-domain systems, hybrid systems
and other time-domain based systems. Such comparison,
indicated in Table II, is mainly based on the density of
information per area unit, although other aspects are compared
as well. As it can be seen, the proposed system is quite
competitive for chipless-RFID applications, with a good
combination of size, data capacity and performance. It should
be taken into account that the introduction of motion direction
detection capability and synchronous reading limits the
information density. Nevertheless, good values have been
obtained, and the system proposed in the paper is found to be
competitive.

Concerning the advantages of motion direction detection
capability of the proposed encoders in regard to application
needs, let us mention that there are several applications that
demand such capability. For instance, the determination of the
position/velocity of conveyor belts or the cabin
position/velocity in elevators systems can be done by properly
encoding the belts (i.e., following a De Bruijn sequence). As
mentioned, by reading a subsequence of the de Bruijn code, the
absolute (or, more specifically, the quasi-absolute) position can
be determined, but it is necessary to know the motion direction
(since the sub-sequences of the ID code are not the same for
both reading directions). Note also that the clock signal directly
provides the velocity and the acceleration, if the velocity is not
constant. In the application of the proposed approach as
chipless-RFID system, the encoders (with a number of bits
determined by the encoder length and period) equipped with
synchronous reading capability and motion direction detection
are more robust, since it is not necessary to know the
displacement velocity of the tag over the reader (and indeed, it

is not necessary that such velocity is constant). Moreover,
knowing the motion direction of the tag avoids false readings,
potentially caused by sequentially reading the ID code in the
opposite direction to that which is intended.

CONCLUSIONS

In summary, high-resolution/high-density electromagnetic
encoders based on linearly-shaped metallic inclusions with
synchronous reading and motion direction detection capability
have been reported. By synchronously reading the encoders,
potential false readings of the ID code associated to eventual
variations in the relative velocity between the encoder and the
sensitive part of the reader, can be avoided. The system
distinguishes the displacement direction of the encoder thanks
to the presence of two clock chains in the encoder. This aspect
is important to unambiguously identify the ID code of the
encoder. Moreover, the absolute position of the encoder can be
determined by using a Bruijn sequence in the encoder chain.
The length and the period of the metallic inclusions, the key
parameters in order to increase the density of information per
unit length and surface of the encoders, have been significantly
reduced, with regard to previous implementations based on a
similar working principle. Specifically, the DPL and DPS has
been found to be increased by a factor of three and two,
respectively, as compared to other approaches with or without
direction detection capability. It has been demonstrated that the
proposed approach is useful for two applications: chipless-
RFID systems based on near-field coupling with sequential bit
reading, and linear displacement/velocity sensors. As a future
work, the implementation of a switch at the input and output
ports of the microstrip transmission line, controlled by a micro
in order to sequentially fed the necessary interrogation signals
(generated by a VCO) will be considered.
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