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Abstract— Compact and high-data density microwave
encoders useful for motion control and near-field chipless-
RFID applications are proposed in this paper. The encoders
are chains of metallic strips etched on a dielectric substrate.
The reader consists of a microstrip line loaded with a pair of
identical open-ended folded stubs located at different positions
and oriented face-to-face by their extremes. By displacing the
encoder over the extremes of the stubs, inter-stub coupling
arises when a strip is located on top of the stubs, thereby
generating two transmission zeros (rather than one) in the
frequency response of the line. Thus, the presence of a strip on
top of the face-to-face stubs produces a variation in the
transmission coefficient of the line, which in turn can be
detected by feeding the line with a harmonic signal,
conveniently tuned. Encoder motion generates an amplitude
modulated (AM) signal at the output port of the line with
peaks, or dips, separated a time distance dictated by the
relative velocity between the reader and the encoder.
Moreover, by making certain strips of the chain inoperative
(e.g., by cutting them), it is possible to encode information that
can be read as the absence (logic state ‘1°) or presence (logic
state ’0’) of peaks, or dips, at predefined positions in the
output (AM) signal of the reader line. Since short strips suffice
to generate inter-stub coupling, unprecedented data density
per surface (DPS = 26.04 bit/cm?) is obtained, as revealed by
the implementation of 6.4 mm x 60 mm 100-bit encoders.

Index Terms— Chipless-RFID, microstrip technology,
microwave encoder, motion control.

. INTRODUCTION

I\/I ICROWAVE ENCODERS can be implemented by etching
or printing metallic elements (e.g., resonators, or
linear strips) at predefined positions in a dielectric substrate,
typically arranged forming linear or circular chains. The
working principle of such encoders is based on the
detection of the presence or absence of metallic elements in
the chain (revealed as peaks or dips in the output signal)
when the encoder is displaced over a dedicated reader.
Indeed, this working principle is similar to the one of
optical encoders [1]-[3], implemented as chains of apertures
in a metallic screen. However, whereas in optical encoders
the presence/absence of apertures at predefined positions is
detected by means of an optical beam, in microwave
encoders the presence or absence of metallic elements is
sensed by means of an electromagnetic signal, e.g., through
near-field coupling.
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Microwave encoders are of interest for motion control
applications, and for the implementation of chipless
radiofrequency identification (chipless-RFID) systems. In
the former application, the relative velocity and
displacement between the encoder and the reader is
determined from the time distance between adjacent peaks,
or dips, provided the chain period is known and all the
metallic elements are present (and are functional) at the
predefined chain positions. Both angular and linear
displacement and velocity sensors based on microwave
encoders (either circularly or linearly shaped) have been
recently reported [4]-[8].

For identification purposes, certain metallic elements of
the encoder chain are either eliminated or made inoperative.
By this means, an ID code is generated, and the encoder can
be used as a chipless-RFID tag, where the encoded chain
replaces the application specific integrated circuit (ASIC),
or chip, present in chipped-RFID tags. In these chipless-
RFID systems, tags are read by proximity (through near
field) by displacing them over the reader, following a time-
division multiplexing scheme where the bits are read
sequentially [8]-[17]. The advantage of this unconventional
time-domain chipless-RFID approach is the data storage
capacity, only limited by the encoder (or tag) size. Thus,
chipless-RFID tags with unprecedented number of bits have
been reported [8],[14],[16]. This number of bits,
comparable to the one of chipped tags, is by far superior to
the number of bits reported in the available literature
relative to full planar chipless-RFID tags (either based on
time-domain [18]-[31], frequency-domain [32]-[52], or
exploiting various domains simultaneously [53]-[64]).

A figure of merit in microwave encoders for its use as
linear or angular displacement and velocity sensors is the
chain period, intimately related to encoder resolution. In
[8],[16] microwave encoders with a period of 0.6 mm were
reported. The encoder period is related to the information
density per unit length (DPL), a key parameter when the
encoder is used as near-field chipless-RFID tag. Note that
such period corresponds to a per-unit-length data density of
DPL = 16.7 bit/cm [8],[16], i.e., superior to the one
achieved in [15] (DPL = 5 bit/cm), where the chain period
of the encoders was 2 mm.

However, in chipless-RFID tags, the data density per
surface (DPS) is also important, since it determines the area
of the tag (once the number of bits is set to a certain value)
and consequently tag cost. In [8], [15] and [16], the
achieved data density per surface is DPS = 7.44 bit/cm?,
DPS = 1.67 hit/cm?, and DPS = 4.9 bhit/cm?, respectively.
These values are good, but the microwave encoders
presented in [8],[15],[16] use metallic elements consisting
of straight strips with excessive length, dictated by the
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frequency of the interrogation signal. In [15],[16], the
encoder strips act as half-wavelength resonators, whereas
the reader is a single stub-loaded line. In [8], the encoder
strips do not behave as resonant element. However, in order
to detect strip functionality (or presence/absence), the
reader uses a half-wavelength resonator, and the length of
the strips necessary for their detectability should be
comparable to the dimensions of such reader resonator.
Increasing the frequency of the interrogation signal
provides a way to reduce the length of the strips, but at the
expense of increasing the complexity of the reader
electronics.

In this paper, we propose a new encoder-reader system,
inspired by the work first presented in [15] and then
optimized in [16], where the reader is a microstrip line
loaded with a pair of open-ended folded stubs (oriented
face-to-face by their extremes), and the encoders are chains
of very short straight strips oriented orthogonally to the
chain axis. The encoder strips act as narrow patch
capacitors able to enhance the coupling between the stubs
when such strips are located on top of the open end of the
stubs. The effect is a variation in the transmission
coefficient of the double stub loaded line, which is used to
detect the presence/absence of functional strip in the chain
(as it will be later discussed).

The working principle of the presented encoder-reader
system is similar to the one reported in [8],[15],[16].
However, the encoder strips of this new system can be
much shorter, provided they merely act as capacitive
elements (rather than resonant elements), able to modulate
inter-stub coupling. Moreover, with the proposed reader,
exhibiting a frequency response with a movable pole and
transmission zero (or zeros), a large excursion of the
transmission coefficient at the frequency of the
interrogation signal is achievable, as it will be shown. This
is a fundamental aspect, with direct impact on system
robustness against misalignment (between the encoder and
the reader) and vibrations. Thus, the proposed system
represents a significant progress as compared to previous
encoder-reader systems based on encoders implemented by
means of straight strips [8],[15],[16].

The work is organized as follows: the working principle
of the proposed system is explained in detail in Section II,
where system needs are also pointed out. Section Il is
devoted to analyze the proposed reader-encoder system, in
order to justify the chosen reader topology, based on a
double stub loaded line, in terms of encoder size, data
capacity and density, and system robustness. In Section IV,
the system is experimentally validated, whereas a
comparison to other approaches is carried out in Section V.
A tolerance analysis is carried out in Section VI. Finally,
the main conclusions are highlighted in Section VII.

Il. WORKING PRINCIPLE AND SYSTEM NEEDS

The working principle of the proposed system is depicted
in Fig. 1 (it is similar to the one of other near-field
chiplessRFID systems [8]-[17] and displacement/velocity
sensors [4]-[7], but it is reproduced here for coherence and
completeness). The essential (sensitive) part of the reader is
a transmission line based element sensitive to the effects of
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Fig. 1. Sketch of the proposed reader-encoder system.

a chain of metallic elements (the encoder) when such chain
is displaced on top of the reader line at short distance.
Encoder motion modulates the transmission coefficient of
the line (through electromagnetic coupling), resulting in an
amplitude modulated (AM) signal at the output port of the
line, when it is fed by a harmonic (single tone) signal
conveniently tuned. With this system, the information in
regard to the relative displacement or velocity between the
reader and the encoder is contained in the envelope
function, with peaks, or dips, separated a time distance
dictated by such velocity. For near-field chipless-RFID
applications, where some elements of the encoder (i.e.,
those corresponding to the logic state ‘0’) are made
inoperative, the ID code is also contained in the envelope
function. In this case, the relative velocity between the
reader line and the encoder must be well known (for that
purpose, header bits may be used). Tag reading is
performed at predefined time windows, with either maxima
or minima in the envelope function dictated by the presence
(logic ‘1°) or absence (logic ‘0’) of functional metallic
element on top of the reader line. To obtain the envelope
function, an envelope detector is needed. The output data
can be visualized in an oscilloscope [11] or, alternatively,
such data can be post-processed (using a data acquisition
card) [14] in order to infer either the ID code or the
displacement/velocity.

In this system, encoder reading proceeds by feeding the
reader line with a harmonic interrogation signal, contrary to
most chipless-RFID systems, where wideband signals are
typically required [18]-[64]. This aspect is important since
the cost of the associated electronics of the reader can be
reduced. Namely, neither narrow pulses (as needed in time-
domain reflectometry based chipless-RFID systems
[21],[22]), nor sweeping interrogation signals covering a
wide spectral bandwidth (as used to read spectral signature
barcodes [32]-[35]), are involved in the proposed system.
The frequency of the interrogation signal, fo, must be
chosen so that a large excursion of the transmission
coefficient at that frequency (when the logic state switches)
occurs. A significant variation of the transmission
coefficient between the upper and lower value is necessary
in order to obtain a high modulation index, which in turn
provides system robustness against misalignments and
vertical distance (air gap) variations between the reader and
the encoder. However, it is also necessary that the
magnitude of the upper value of the transmission coefficient
is close to 0 dB, in order to guarantee a minimum
(detectable) level of the envelope function. Finally, it is
convenient that the transmission coefficient of the reader
line exhibits as much vertical transitions as possible, with
large frequency variation when the logic states switches
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Fig. 2. lllustration of various situations of frequency responses of reader-
encoder for both logic states (‘0” and ‘1°). (a) Large transmission
coefficient excursion and wide frequency window with high transmission
coefficient for the upper level; (b) large transmission coefficient excursion
but narrow frequency window with high transmission coefficient for the
upper level; (c) small transmission coefficient excursion and wide
frequency window with high transmission coefficient for the upper level,
(d) large transmission coefficient excursion and wide frequency window
with low transmission coefficient for the upper level.

between ‘0’ and ‘1°, or vice versa. This aspect results in
better system robustness against fabrication related
tolerances of both the line and the reader.

To further illustrate system needs, Fig. 2 schematically
depicts various scenarios corresponding to different
frequency responses of hypothetical readers-encoders for
both logic states (i.e., with the sensitive part of the reader
loaded with either functional or inoperative metallic
element of the encoder). According to the previous words,
the preferred case is the one of Fig. 2(a).

I1l. THE PROPOSED READER-ENCODER SYSTEM AND
ANALYSIS

A reader-encoder structure exhibiting a frequency
response of the type shown in Fig. 2(a), compatible with
high data density encoders is depicted in Fig. 3. The reader,
in black color, is a 50-Q microstrip line loaded with a pair
of open-ended folded stubs separated a distance lo. The
encoder, in grey color, is a chain of transversally oriented
short strips etched on a dielectric substrate. When an
encoder strip is located on top of the open-ended extremes
of the stubs (the sensitive region), capacitive coupling
between the stubs arises, resulting in a modification of the
transmission coefficient useful for our purposes.

Figure 4 depicts the responses corresponding to a bare
reader (i.e. without encoder strip in the sensitive region) and
reader loaded with a strip. The considered substrate for the
reader is the Rogers RO4003C with thickness h = 0.81 mm,
dielectric constant & = 3.55, and dissipation factor
tano'=0.0021. For the encoder, the considered substrate is
the same as the reader but with thickness h = 0.203 mm. It
can be seen that for the bare reader, the response exhibits a
pole and two closed transmission zeros. By contrast, for the
strip-loaded reader, further frequency splitting in the
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Fig. 3. Topology of the proposed reader-encoder and relevant dimensions
(in mm) W= 181, I() = Iz + Ws = 22, |1 = 38, |3 = 33, |4 = 21, |5 = 21,
s=1.60, P=0.60, ws;=0.20 and Is = 6.4.
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Fig. 4. Simulated frequency response (without losses) of the bare reader
and reader loaded with a strip in the sensitive region. Different air gaps are
considered, corresponding to different coupling capacitances (indicated).
The electromagnetic simulations have been carried out with Keysight
Momentum.

transmission zeros is visible, and the pole is displaced to
lower frequencies. The splitting in the transmission zeros is
indicative of certain level of coupling between the stubs,
which is not totally negligible for the bare reader.
Nevertheless, it is clearly manifested when a strip is located
on top of the stubs, by virtue of the significant separation
between the transmission zeros (note that for uncoupled
stubs, the single transmission zero corresponds to the
frequency where the length of the stubs is a quarter
wavelength, or odd multiple).

Interestingly, the pole position in the frequency response
of the bare reader roughly coincides with the first
transmission zero of the response of the loaded reader (for a
vertical distance between the reader and the encoder, or air
gap, of 0.2 mm). By this means, a large excursion in the
transmission coefficient at the pole, or transmission zero,
frequency results. Thus, the frequency of the interrogation
signal, fo, must be set to a value in the vicinity of those
frequencies. Obviously, the variation experienced by the
transmission coefficient when a strip is located in the
sensitive region of the reader depends on the air gap
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Fig. 5. Circuit schematic of the proposed reader-encoder system (a), and
equivalent circuit for even-mode (b) and odd-mode (c) excitation.

separation. By further reducing such distance, inter-stub
coupling increases, resulting in a progressively enhanced
frequency window in the responses, as it can be seen in Fig.
4. In practice, it is difficult to accurately control the air gap
separation. For that reason, it is convenient to design the
reader-encoder with an appreciable frequency window for
the nominal value of the air gap distance.

The positions of the pole, @, = 2xf,, and transmission
zero(s), ax = 2xf,, determined by the distance between stubs,
lo, stub length, 11, and coupling level, are important for
design purposes. To gain insight on this, let us calculate the
transmission and reflection coefficient of the proposed
structure, modeled by the schematic depicted in Fig. 5. In
that figure, C models the coupling capacitance between the
stubs, ¢y and ¢ are the electrical length of the transmission
line section (between the stub positions) and the electrical
length of the stubs, respectively, and Z, and Z; are the
corresponding characteristic impedances (with Zo = 50 Q,
as mentioned before). The model is validated by simulating
the frequency response with the circuit simulator of
Keysight ADS. The single parameter that has been adjusted
in order to fit the electromagnetic simulations of Fig. 4 is
the coupling capacitance. It can be seen (Fig. 4) that the
agreement between the electromagnetic and circuit
simulations is excellent. Thus, it is demonstrated that the
effect of strips on top of the sensitive region of the reader
can be modeled through capacitive coupling between the
stubs.

Since the reader line is symmetric with regard to the bi-
section plane between the ports, the S-parameters of the
structure can be inferred from the well-known even-odd
mode analysis [65]. The equivalent circuits for even- and
odd-mode excitations are also depicted in Fig. 5. The

reflection coefficients for the even- and odd-mode
equivalent circuits are
Yo=Y
= 1a
Pe = yorre, ()
Yo—Yin
Po = Yorre, (1b)

with
e =j [YO tan% + Y, tan ¢1] (2a)
Yy
o _ _: ¢_0 1+ —=tan #1
Yin=—Jj [Yo cotH 4 e ¢1_2;C] (2b)

In (1) and (2), w is the angular frequency, Yo = 1/Z, and
Y1 = 1/Z; are the line admittances, and Yi,® and Yi.° are the
admittances seen from the input ports in the even- and odd-
mode circuits, respectively. The transmission and reflection
coefficients of the structure of Fig. 5(a) are simply given by
[65]

S21 =512 = %(Pe -5,) (32)

S11 =582 = é(ﬂe + /70) (3b)

Let us now consider that C = 0 pF, corresponding to
uncoupled stubs. In this case, the transmission coefficient
exhibits a single transmission zero located at the frequency
where ¢ = n/2 (and at the odd multiples). This is
straightforward by inspection of the circuit model of
Fig. 5(a) with C = 0 pF. Nevertheless, this conclusion is
also inferred analytically, since for ¢ = m/2 it follows that
P = po = —1, and consequently Sy1 = S = 0. As expected,
the electrical length of the transmission line section between
the stubs, ¢o, does not have any influence on the
transmission zero position when C = 0 pF. However, ¢
determines the location of the pole. Such pole position
depends also on ¢, but this parameter is dictated by the
position of the transmission zero. In other words, the length
of the stubs is not considered to be a design parameter,
since it is fixed by the transmission zero of the bare
structure, a system specification. The pole arises at that
frequency satisfying Si1 = Sz = 0, or pe + po = 0. Since the
circuits of Figs. 5(b) and (c) are purely reactive, i.e., | =
lpo] = 1, it follows that p. and p, should exhibit angles
differing in © (or an odd multiple) at the frequency of the
pole. According to (1) and (2), with C = 0 pF, this condition
can be expressed as:

¢0 Yl
2 arctan <— tan? - ?Otan ¢, | —

%

—2 arctan (cot >

—tang) = @n+ D1 (@)

where n is an integer.

In (4), the ratio Y1/Yo is not considered to be a design
parameter. The reason is that Zo = 1/Yo = 50 Q, as indicated
before, and Y, is determined by the width of the stubs. Such
width is set to the same value than the width of the encoder
strips. By this means, inter-stub coupling caused by
multiple strips simultaneously is reduced. On the other
hand, the electrical length of the stubs can be expressed as

Ly
¢ =% ®)
where it has been considered that the phase velocities (or
the phase constants) of the line and stubs are identical (a
reasonable approximation). Thus, expression (4) depends
on a single variable, ¢, provided the ratio li/lo is set to a
certain value. In other words, ¢ (and consequently the



frequency of the pole) is dictated by the ratio I1/lo. However,
it is not possible to isolate ¢ from (4). Thus, we have
obtained numerically ¢o as a function of li/lp (see Fig. 6).
From the value of ¢, the ratio between the pole and
transmission zero frequencies is given by

“p _ 2k

[y 7 lo

(6)

and this ratio is also depicted in Fig. 6. Thus, the relative
position between the pole and the zero for the case of
uncoupled stubs (C = 0 pF), is determined by the ratio
between the stub length and transmission line section
length.

With the pole for the bare reader (C = 0 pF) set to a
certain value, a,, it is convenient to locate the first
transmission zero frequency, @,’, for the strip-loaded reader
(C = 0 pF) at ay (in order to obtain a significant excursion
in the transmission coefficient, as discussed before).
According to (1) and (2), the condition for the transmission
zero frequency with C = 0 pF is

¢0 Yl
2 arctan <— tan? - Fotan 4, | —

Y1
1+—=t
—2arctan <c0t¢—° + lﬂ) =0 @)

T
2 Yo Z tan #1 ~3aC

and it depends on C. Thus, C must be set to the value
providing @’ = . Since at this frequency (@’ or @), ¢
and ¢ are known, the single unknown in expression (7) is
C, and this parameter can be obtained numerically.

The design of the reader-encoder depicted in Fig. 3 has
been aided with the previous procedure. First, the
transmission zero frequency of the bare structure and by
considering completely uncoupled stubs (C = 0 pF) has
been set to f, = @w/2n = 4.03 GHz. This has provided the
length of the stubs (I, = 11.3 mm in the considered
substrate). The stub width has been set to ws = 0.2 mm,
identical to the width of the strips, for the reasons
mentioned before. With the considered reader substrate, the
characteristic impedance of the stub lines has been found to
be Z; = 133 Q. Then, the position of the pole for the bare
reader has been set to f, = ay/2n = 3.88 GHz, resulting in
wpl @, = 0.962. With this ratio, the inter-stub distance, lo, has
been inferred from the results depicted in Fig. 6, providing
lo = 2.33 mm (and hence l1/lo = 4.85). Finally, using (7), the
capacitance C has been calculated in order to obtain @’ =
ap. The resulting value, C = 4.5 fF, coincides to a good
approximation with the value of C given in Fig. 4,
corresponding to the air gap case providing @’ = a.

It is important to highlight that with the nominal air gap
value, the encoder strip length necessary to achieve the
required capacitance C is as small as 0.2 mm. Taking into
account that the strip width and inter strip distance is
0.2 mm and 0.4 mm, respectively, the chain period is 0.6
mm. With these geometrical variables of the encoder, the
information density per unit length is DPL = 16.7 bit/cm,
identical to the one reported in [8],[16], and much better
than the one reported in [15] (with DPL = 5 bit/cm).
However, due to the substantially reduced length of the
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Fig. 7. Photograph of the fabricated reader (a) and 100-bit encoder with all
bits set to ‘1 logic state (b).

strips, the data capacity per surface area achieved in this
work is DPS = 26.04 bit/cm?, i.e., 3.50, 15.6 and 5.31 times
larger than those reported in [8], [15] and [16], respectively.

IVV. EXPERIMENTAL VALIDATION

The photograph of the designed and fabricated reader and
the one of a 100-bit encoder with all the strips present, and
functional, at the predefined positions are shown in Fig. 7.
The reader and the tags have been fabricated by means of
the milling machine LPKF H100. The measured response of
the bare reader, inferred with the Agilent N5221A vector
network analyzer, is depicted in Fig. 8, where it is
compared with the electromagnetic simulation including
losses. Such figure also includes the response of the reader
with a strip on top of it. The agreement between the lossy
electromagnetic simulation and the measured responses is
very reasonable, taking into account the difficulty in
controlling the air gap distance (nominally set to 0.2 mm)
with our experimental set up.

The photograph of the experimental setup used to obtain
the envelope function of the different considered encoders
in response to the interrogation signal is depicted in Fig. 9.
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Such setup includes a function generator (providing the
interrogation signal), an envelope detector preceded by an
isolator (to avoid mismatching reflections from the diode),
and an oscilloscope, where the envelope functions of the
different tags are visualized. Such setup is identical to the
one described in [11], where details of the specific
equipment and electronic components are provided. The
single difference concerns the sensitive part of the reader, a
double-stub loaded line (see Fig. 7) connected between the
output port of the function generator and the input port of
the detector. A guiding system is used to displace at
controllable distance the encoders over the sensitive part of
the reader. The accuracy and robustness of such guiding
system against air gap variation is limited. Nevertheless, the
different encoders can be correctly read, as it will be shown
next.

Three different 100-bit encoders have been used to
validate the proposed approach. In all the cases, a periodic
ID code has been considered, particularly, one with all bits
set to ‘1’ logic state, i.e., ‘11111...”, one with the sequence
‘101010...’, and one with the sequence ‘110110110...".
Rather than fabricating three different encoders, we have
opted to program two of them after being fabricated with all
bits set to ‘1’ logic state. Namely, we have cut those strips
corresponding to the logic state 0. By this means, these
strips are made inoperative, and roughly the same effect as
the absence of strip on top of the sensitive part of the reader
is achieved.

The envelope functions of these encoders are depicted in
Fig. 10, where it can be appreciated that the different 1D
codes are correctly read. The interrogation signal frequency
has been set to fo = 3.88 GHz, the frequency of the pole for
the bare reader. The dynamic margin, or separation between
the voltage levels corresponding to the two states, is high.
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Fig. 10. Measured normalized envelope function corresponding to the
indicated codes.

However, it can be appreciated that the minimum of the
envelope function does not appear exactly at the time when
perfect overlapping between the encoder strip and the
reader occurs. This is explained by an under air gap
distance. According to Fig. 4, if the gap is below the



nominal value, the coupling capacitance increases, and the
response is over-shifted to lower frequencies. The result is
that the first transmission zero of the strip-loaded reader no
longer coincides with the pole of the bare reader (where the
interrogation signal is tuned). This reduces the dynamic
margin, but there is a relative position between the reader
and strip where the first transmission zero coincides with
the pole of the bare reader (or interrogation signal
frequency). At this position, the envelope function reaches
its minimum value. In view of Fig. 10 (where clearly
separated voltage levels between the binary states can be
appreciated), the functionality of the proposed approach for
the implementation of near-field chipless-RFID systems is
validated.

The functionality of the system for the measurement of
linear velocities and displacements is apparent in view of
Fig. 10(c). The time period of the envelope function for the
‘11111...° code (easily detectable, e.g., by means of a post-
processing system, out of the scope of this paper) is given
by the time lapse between two crosses of adjacent strips
above the sensitive part of the reader. Since the spatial
period is well known (0.6 mm in our case), the relative
instantaneous velocity between the encoder and the reader
can be easily inferred. For the envelope function of
Fig. 10(a), the velocity is found to be 1.46 cm/s (actually,
the instantaneous velocity slightly varies, so that such speed
value has been obtained by averaging over 5 periods). The
relative displacement between the reader and the encoder
from a reference position is simply given by the cumulative
number of peaks, or dips, in the envelope function from that
position.

V. COMPARISON TO OTHER APPROACHES

The proposed system features a space resolution, which is
dictated by the encoder period, i.e., 0.6 mm. The space
resolution in the system reported in [8] (based on strip chain
encoders, as well) was also 0.6 mm (the chain period), but
the envelope function for the sequence ‘1111..." reported in
that work does not provide significant dips/peaks.
Therefore, the automatic detection of the time period (and
hence the instantaneous velocity) by means of a (potential)
post processing system is envisaged to be more complex.
Other similar encoders, based on chains of resonant
elements and used as displacement/velocity sensors have
been reported [5],[7] but the achieved space resolution
(2.2 mm) is not comparable to the one reported in this work.

Due to the small period achieved in the proposed
encoders, the density of information per unit length is very
high, particularly DPL = 16.7 bit /cm. This value is
identical to the one reported in [8],[16], and much better
than the one reported in [15], where DPL = 5 bit/cm.
However, the most relevant aspect of these encoders is the
short length of the strips. Such short length has been
obtained thanks to the new designed reader, able to detect
the presence or absence of functional strips of such short
length on top of it. The design of such reader has
represented a significant effort and constitutes the main
novel aspect of this paper, as compared to previous similar
works (mainly [8],[15],[16]). The information density per
area unit is as high as DPS = 26.04 bit/cm?, as it is inferred
from the fact that the designed and fabricated 100-bit

encoders occupy an area as small as 0.64 cm x 6 cm. This
surface density, a figure of merit in chipless-RFID tags, is
3.50, 15.6 and 5.31 times larger than those reported in [8],
[15] and [16], respectively, where encoders based on strip
chains are also considered. As compared to other encoders
based on chains of resonant elements [4]-[7],[9]-[14], the
surface density obtained in the present work is significantly
superior (e.g., the best DPS achieved in resonator-based
encoder is the one reported in [11], with a value of
DPS = 8.4 bit/cm?).

If the comparison is extended to other chipless-RFID
systems based on full planar encoders readable in time or
frequency domain [18]-[64], to the best of our knowledge,
the reported DPS and data capacity (number of bits) in
those works are far from the values achieved in this work
(as an example, a tag with DPS = 5.88 bit/cm? and data
capacity of 64 bits is reported in [55]). Note that the number
of bits (100 in the fabricated encoders) is only limited by
tag size, as far as tag reading proceeds by time-division
multiplexing using a harmonic interrogation signal. Further
increasing the number of bits is compatible with acceptable
tag dimensions and does not represent an additional
complexity in the reader. In summary, an unprecedented
combination of number of bits and data density has been
achieved with the proposed system.

It is also remarkable the fact that the interrogation signal
in the proposed system is a harmonic (single-tone) signal,
rather than a wideband pulsed signal, or a sweeping
frequency signal, as required in most time domain and
frequency-domain, respectively, chipless-RFID systems
[18]-[64]. This has direct impact in the cost associated to
the reader electronics, which is reduced if wideband signals
are not involved. However, the reported system requires
encoder reading by proximity and proper alignment with the
reader. Whereas in motion control applications this cannot
be considered a limitative aspect, in certain scenarios
relative to item identification, tag reading at certain distance
may be necessary. In those cases, frequency-domain or
traditional time-domain chipless-RFID systems may be
more convenient, provided the required number of bits of
the tags is not very high. However, there are applications
where confidence against spying or eavesdropping is
necessary, e.g., product authentication and secure paper
applications. The proposed system which requires tag
reading by proximity, it is inherently robust against these
(potentially) malicious scenarios. Thus, as in chipless-RFID
system, the proposed approach is of interest in such
authentication applications, in order to avoid fraud or
plagiarism in documents, high cost item products, etc.

VI. TOLERANCE ANALYSIS

In order to study the robustness of the system against air
gap variations, and lateral or angular misalignment of the
encoder, a tolerance analysis is needed. However, due to the
difficulty to accurately control the involved geometrical
parameters (namely, air gap separation and lateral or
angular displacement of the encoder), such analysis is
carried out at simulation level. For that purpose, a 5-bit
sequence with alternating binary states is considered.
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Fig. 11. Tolerance analysis. (a) Effects of the air gap variation; (b) effects
of lateral misalignment; (c) effects of misalignment by encoder rotation.
The curves correspond to the transmission coefficient at the frequency of
the interrogation signal, as the 5-bit encoder with ID code ‘10101’ is
displaced over the reader.

The effects of the air gap variation are depicted in Fig.
11(a). It can be appreciated that the system has been
optimized to operate with an air gap corresponding to the
nominal value, where the excursion experienced by the
transmission coefficient between the two binary states is
maximum. Slightly increasing or decreasing the air gap
distance reduces such excursion. According to the
sensitivity of the transmission coefficient with the air gap
(similar to the one reported in [8]), the mechanical guiding
system for encoder motion should guarantee small
variations in the air gap separation. Further robustness
against the effects of the air gap can be achieved, but at the
expense of larger encoder dimensions.

The effects of lateral misalignment of the encoder are
shown in Fig. 11(b). According to these results, lateral
displacements up to +1 mm provide excursions in the
transmission coefficient better than 8 dB. With this
variation, encoder reading from the AM signal generated at
the output port of the reader in response to the interrogation
signal seems feasible.

Finally, Fig. 11(c) shows the effects of lack of alignment
by encoder rotation, where the responses up to an angle of
+6°, with step increments of +1°, are depicted. According to
the resulting transmission coefficient variations between the
two binary states, the system is tolerant up to an angle of at
least +3° (providing an excursion of the transmission
coefficient of roughly 9 dB or better).

To summarize this section, the tolerances of the proposed
reader-encoder system against lateral and angular
misalignments are reasonable from a practical viewpoint.
That is, the angular and position accuracies of the encoder
guiding system in the plane of the encoder do not need to be
extremely good, according to the reported tolerances.

Concerning the accuracy in the orthogonal direction to the
encoder and reader planes (air gap separation), the
requirements are more stringent. According to the reported
data [Fig. 11(a)], during encoder motion, the guiding
system must guarantee an air gap separation comprised
between roughly 0.17 mm and 0.22 mm. Increasing the
tolerance relative to the air gap separation is possible at the
expense of larger encoder sizes. Nevertheless, the fabricated
encoders have been correctly read with our in-house
experimental setup. Consequently, the reported air gap
tolerances seem to be reasonable for an eventual reader,
based on a sufficiently robust mechanical guiding system,
to be used for encoder reading in a real scenario.

VII. CONCLUSIONS

In conclusion, high data density microwave encoders
based on chains of transversely oriented linear strips have
been proposed in this paper. The length of the strips, a
critical parameter determining the data density per surface
of the encoders, has been substantially reduced, as
compared to previous implementations. For that purpose, a
dedicated reader based on a double stub loaded microstrip
line has been designed and fabricated. Such reader is able to
detect the presence and functionality of the encoder strips
through near-field (capacitive) coupling, when the encoder
is displaced over the sensitive part of the reader (the
extremes of the stubs), as needed in a reader operation. An
analysis of the reader-encoder system based on the circuit
schematic, where the encoder strips are modeled by means
of an inter-stub coupling capacitance, has been carried out,
and the model has been validated by comparison with
electromagnetic simulations. Such analysis has been
demonstrated to provide useful hints for design purposes.
System validation has been carried out by reading several
fabricated encoders with different bit combinations, where
the different ID codes have been achieved by cutting certain
strips of the encoder (tag programming). The functionality
of the system for near-field chipless-RFID applications and
for motion control (i.e., as displacement and velocity
sensors) has been demonstrated. Also, a tolerance analysis,
including the effects of encoder misalignment caused by
lateral displacement and rotation, as well as the effects of
air gap variation, has been performed through
electromagnetic simulation. The obtained tolerances are
reasonable in order to consider the system potentially useful
for application in a real scenario. The most relevant
achieved result is the information density per surface, as
high as DPS = 26.04 bit/cm?. This value, much higher than
the data density obtained in other chipless-RFID systems
(including near-field, time domain, frequency domain and
hybrid systems), has been achieved thanks to the designed
and fabricated reader, able to detect very small metallic
elements (strips) in the encoder chain. To the best of our
knowledge, the combination of number of bits (100 in this
work) and data density per surface has never been achieved
so far in microwave encoders.
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