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Abstract—Increasing the coding capacity of chipless RFID tags
is a key factor while considering the development of miniaturized
tags. A novel hybrid coding technique by combining phase devia-
tion and frequency position encoding is proposed here. A coding
capacity of 22.9 bits is obtained simply with five resonators within
a reduced dimension of 2 cm X 4 cm. The proposed tag is based
on 5 ‘C’ like metallic strip resonators having resonance frequency
within the band of 2.5 GHz to 7.5 GHz. The tag is potentially low-
cost since only one conductive layer is needed for the fabrication.
Different tag configurations are designed and validated with mea-
surement results in bi-static configuration. A good agreement be-
tween measurement and simulation validates the theoretical pre-
dictions.

Index Terms—*“C” resonator, chipless RFID, frequency en-
coding, hybrid encoding, phase encoding, RFID.

I. INTRODUCTION

FID is a technology firstly introduced during the 2nd

World War to identify friend and foe (IFF) aircrafts.
The basic principle consists in identifying objects by means of
reflected electromagnetic waves. Nowadays, the term RFID is
largely used to denote numerous applications. Among them,
pallet identification, road toll system, item tracking and fare
collection system for travelers in urban transportation net-
work are widely used. To fit these applications having various
constraints in terms of environment, read range and defined
standards, several tag technologies can be found in [1]. In the
case of fare collection, passive tags are detected by magnetic
near field coupling at 13.56 MHz, leading to a read range within
5 cm to 40 cm. In the case of pallet identification, the needed
range is higher and can reach 10 m, thus, farfield passive tags
are very desirable. Operating frequencies used are mainly in
the UHF band around 900 MHz and 2.4 GHz but also in SHF
band at 5.8 GHz [1]. For all these technologies, a transmission
protocol is used between the reader and the tag. Data bits are
sequentially exchanged in a half duplex format and the reader
maintains the field to power the tag during both transmission
and reception.

Manuscript received July 05, 2011; revised September 22, 2011; accepted
September 26, 2011. Date of publication November 02, 2011; date of current
version December 14, 2011. This work was supported by the French National
Research Agency via the ANR-09-VERS-013 program. This paper is an ex-
panded paper from the IEEE International Microwave Symposium, Baltimore,
MD, June 5-10, 2011.

The authors are with the Laboratoire de Conception et d’Intégration des
Systemes (LCIS)/Grenoble Institute of Technology, Valence, France (e-mail:
arnaud.vena@esisar.grenoble-inp.fr;  etienne.perret @esisar.grenoble-inp.fr;
smail.tedjini @esisar.grenoble-inp.fr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2011.2171001

Item tracking and identification is one of the major challenges
of UHF RFID because this market represents 10 trillions of units
sold each year [2].

Competing with the optical barcode technology is a hard task
for classical RFID tag having an antenna and a chip, whereas
chipless RFID tag has a key role to reach this goal. Indeed, this
emerging technology is under growing interest and many re-
search projects are under development. Nowadays, various chip-
less designs that embed significant amount of data can be found
in literatures.

The method used to encode data in a chipless tag is very dif-
ferent when compared to traditional tags. In this case, data is
encoded by changing the electromagnetic footprint of the tag.
When a plane wave impinges on the tag, part of the wave is
reflected back having a spectrum that depends on the tag shape
and composition. To best describe this emerging technology, it is
necessary to address a comparison between the two major iden-
tification systems, which are the optical barcode and the clas-
sical RFID. Like classical RFID, chipless RFID also has advan-
tages such as the better read range and the possibility to read the
tag in non line-of-sight, even if it is roughly positioned. More-
over, as for classical RFID some smart functionalities such as
sensing can be added to a chipless tag [3].

Chipless tag is roughly composed of metallic strips and made
of one piece. To realize it, etching processes can be used, and
for some designs, printing techniques are also allowed. This po-
tentially leads to a unit cost comparable to that of the optical
barcode.

Unlike classical RFID where anti-collision management is a
part of the protocol, in chipless tag anti-collision cannot be im-
plemented. However some techniques based on time or spatial
separation of tags can be used. An antenna with narrow beam
width can be designed for this purpose [4], but the main weak-
nesses of chipless technology concerns their non-rewritable ca-
pability and their data capacity limited to a few tens of bits. This
last characteristic could be a limiting factor for many applica-
tions, and this is why work has to be done to increase the data
capacity of chipless tags.

The first RFID chipless tag system was introduced by Hart-
mann et al. [5], and uses transient domain for data encoding. The
incident pulse from the reader is received by the tag antenna and
guided into a SAW (Surface Acoustic Wave) substrate. Several
reflectors are set along the substrate to create reflected pulses
at specific times. Depending on the reflected pulse position, an
identifier can be extracted as in PPM (Pulse Position Modula-
tion) modulation scheme. A coding capacity of 256 bits is pos-
sible. To reduce the unit costs of this tag, some designs were pro-
posed using classical low-k substrate [6], [7]. But at the present
time, only a few bits can be encoded within a very large struc-
ture.
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The design presented in this paper enters in a second family of
chipless tags that uses the frequency spectrum to encode data. In
2005, Jalaly et al. [8] presented a tag that encodes 5 bits with 5
microstrip dipole resonators. The data was encoded by control-
ling the presence/absence of resonance at a known frequency.
Using the same coding technique, Preradovic et al. has proposed
a tag based on multiple spiral resonators [9], [10] and was able
to encode 35 bits. This design is efficient in terms of coding
capacity but needs a large size (7 cm X 15 cm) since one bit
is equal to one resonator. The phase can also be used to encode
data and several techniques have been experimented. Mukherjee
et al. [11] uses a wideband antenna as a reflector connected to a
complex load that can produce different phase profiles. For each
phase profile an identifier is associated. Balbin ef al. [12] use
multiple patch antennas connected to a stub of variable length
and encodes data by varying the phase of each antenna indepen-
dently. But at the present time, coding capacity is not significant
(few bits).

None of the works presented in the literature for chipless tags
had a discussion regarding the way to increase the coding ef-
ficiency. However this is still a big challenge to embed a large
number of data into a tag of size similar to that of a credit card
(5 cm x 8 cm). In the proposed design of this paper, we empha-
size a way to increase the coding efficiency in order to reach a
high number of combinations with few resonators. To do so, for
the first time, we exploit a hybrid coding technique to generate
an identifier combining phase deviation technique [13] and fre-
quency shift encoding [14].

In the Section 11, a study of several scatterers, also called ECP
(Elementary Coding Particle), is presented. Then a tag design
made of multiple ECP is presented. In Section III, the new hy-
brid coding technique is explained. For the sake of comparison,
the concept of constellation diagram for frequency domain is
introduced. The Section IV presents the measurement and the
obtained results that validate the design. Then a discussion on
the performance of the chipless tag in terms of coding capacity
and ways to improve it concludes this paragraph.

II. DESIGN OF THE TAG

A. Detail of the Structure

The specific design presented in this section is based on the
association of multiple uncoupled resonating elements or ECP.
To get the smallest size, each resonating element plays the role
of an antenna and a resonator. The most critical parameter is
the quality factor of resonators because it defines the resolution
frequency of the reading system and the amount of data that can
be encoded in a given frequency range.

In Fig. 1, various ECP based metallic strips have been studied
to choose a basic shape presenting a good selectivity and a re-
duced size. Table I presents the key parameters for each ECP,
such as the 3 dB bandwidth and the RCS (Radar Cross Section)
magnitude. Simulation results are obtained by using CST Mi-
crowave Studio with plane wave excitation.

One can notice that a simple shorted dipole presents a good
level of response but a large bandwidth, while a SRR (Split Ring
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Fig. 1. Scatterers having various shape without ground plane: (a) “C’-like
structure, (b) rectangular SRR, (c) shorted dipole, (d) circular SRR. The strip
width is 1 mm for all the resonators.

TABLE I
Q FACTOR AND LEVEL RESPONSE FOR VARIOUS ECP AT 3 GHz
Shape Resonance 3dB Q IRCS] at
Freq. (GHz) | Bandwidth |factor| resonance

(MHz) (dBsm)
-‘C’-Like 2.92 44 65 -29.84
Rect. SRR 2.98 96 30 -25.63

Shorted dipole 291 525 5.53 221

Circ. SRR 291 88 33 -26.16

Resonator), circular or rectangular, is better in terms of selec-
tivity and gives a response level close to —25 dBsm. Finally
a simple “C”-like structure gives the best selectivity with a re-
duced size and an RCS level at resonance close to those of SRR.

The design presented in Fig. 2 is based on multiple ECP
having a “C”-like structure. The substrate used is FR-4 with a
permittivity of 4.6, a loss tangent of 0.025 and a thickness of 0.8
mm. The number of resonators for each tag configuration is five,
and the size of this structure is nearly 2 cm X 4 cm. For tag 6 and
7, only the slot length is modified keeping the gap constant (0.5
mm). For tag 3, 4 and 5, the gap value is modified between 0.5
and 3.5 mm. This basic ECP is depicted in Fig. 3. This resonator
gives a specific electromagnetic footprint when it is impinged
by an incident wave. Indeed, in vertical polarization only (see
electrical field vector E in Fig. 3) a highly resonant mode can
be observed at a specific frequency, which is linked to the phys-
ical size of the resonator. Regarding the horizontal polarization,
a broadband response is observed so it cannot be used for iden-
tification. This structure has intrinsically a resonant mode in its
spectrum presenting a peak and an anti-resonant mode giving
a dip (see Fig. 4). At the frequency of the peak, the radiation
pattern of the C-like resonator is quite isotropic while at the fre-
quency of the dip it has a hole in the direction normal to the
resonator surface. The angle of the incident wave (6 in Fig. 3)
that impinges the tag is also a critical parameter, since it affects
mainly the height of the dip. Thus, to get a significant response,
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Fig. 2. View of chipless tags (a) tag 1, (b) tag 2, (c) tag 3, (d) tag 5, (e) tag 6,
(f) tag 7. Dimensions are given in Table II.
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Fig. 3. Basic resonating element based on a metallic strip like-“C” structure.
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Fig. 4. Simulated and modeled RCS amplitude of a “C” ECP for different gap
values. Model parameters according to (1) are m, = 0.004, f, = 2.5 GHz,
m, = 0.0025, f. = 2.68 GHz and G = 0.001.

it was found in simulation that this angle has to be lower than
+45°.

The frequency values of the peak and the dip can be con-
trolled nearly independently. This behavior is very important
since it allows implementing a hybrid coding using two inde-
pendent coding parameters. The frequency of the peak is linked
to the path length L+ g/2 while separation between the frequen-
cies of peak and dip is controlled by the ratio g/ L. Regarding
the phase, an interesting behavior can be seen. The resonator be-
haves as a phase shifter around the resonance (see Fig. 5), and
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TABLE II
TAG DIMENSIONS IN mm, AND ASSOCIATED TARGETED CODES

Tag 1| Tag 2| Tag 3| Tag 4| Tag 5| Tag 6|/ Tag 7| Tag 8
gl 0.5 1.5 2.5 3.5 3.5 0.5 0.5 0.5
g2 0.5 1.5 2.5 3.5 2.5 0.5 0.5 0.5
g3 0.5 1.5 2.5 3.5 1.5 0.5 0.5 0.5
g4 05 | 15 | 25 |35 ] 05] 05| 05|05
g5 0.5 1.5 2.5 3.5 0.5 0.5 0.5 0.5
L1 184 | 189 | 19.1 | 19.1 | 19.1 | 17.7 | 17 | 184
L2 12.7 | 12.7 [ 125 | 12.1 | 12.5 | 12.7 | 12.7 | 11.7
L3 9.7 9.4 9.2 8.9 9.4 9.7 9.7 9.7
L4 7.8 74 7.1 6.7 7.8 7.8 7.8 7.2
L5 64 | 6.1 | 57 | 54 | 64 | 64 | 64 | 64

Code P1[00000|11111{2222233333|32100|00000{00000|00000

Code P2|00000|00000| 00000 {00000 {00000|10000|20000| 30400
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Fig. 5. Simulated and modeled RCS phase of a “C” ECP for different gap
values. Model parameters according to (1) are m, = 0.004, f, = 2.5 GHz,
m, = 0.0025,f. = 2.68 GHz and G = 0.001.

its bandwidth is equal to the difference between both the peak
and the dip frequencies. To confirm these assumptions, Figs. 6
and 7 respectively show the frequency of the peak as a function
of L+ ¢/2 and the phase deviation as a function of g/ L. Theses
values are extracted from the simulations results, varying the
length L between 5 and 20 mm and the gap g between 0.5 and
3.5 mm.

B. Model of the Resonator

The amplitude and the phase variations for a “C”-like res-
onator as a function of the gap g are shown in Figs. 4 and
5 respectively. Even if the loss tangent of FR-4 is relatively
high, one can observe some sharp peaks, and significant phase
changes. Indeed, the way of radiation is different that for a patch
resonator [8], [12]. In this case, there is no cavity mode between
the strip and the ground plane. The field lines are not concen-
trated into the substrate. Consequently, the quality factor of the
resonance is no so affected as for patch resonator. In this ex-
ample, for a given gap g, the slot length L is adjusted in order
to have a peak at 2.5 GHz. As explained previously, the dip de-
pends on ratio g/L and as a general rule; a lower ratio reduces
the separation between the frequencies of dip and peak. Thanks
to simulation results of Fig. 4, it can be determined that a larger
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Fitted characteristic

)S(X Simulation results

Frequency of the Resonance Peak (GHz)
[$,]

2 L L 1
5 10 15 20

L+g/2 (mm)

Fig. 6. Relation between the frequency of the resonance peak and length pa-
rameters L + ¢/2. A fitted characteristic is obtained based on 44 simulations
with various length L and gap ¢.
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Fig. 7. Separation between the frequencies of peak and dip as a function of
length ratio g/ L. A fitted characteristic is obtained based on 44 simulations
with various length L and gap g.

gap g means a lower capacitive effect between the two arms of
the ‘C* ECP. Therefore the attenuation dip is shifted towards
high frequency. As a result, the phase shift of value close to —7
has a larger bandwidth when the gap g increases.

The general response of Fig. 4 can be modeled by an analyt-
ical form given by (1). The later can be used to fit the response
of any “C”-like resonator

. .12
1+—2%ﬁ%i—k[lf}

w-

1+2mpjw+ [M}Q

Wp Wp

T(w) =G ey

In this equation, presence of the peak is linked to a pole of
second order having angular frequency w,, and damping factor
m,, while the dip is due to a zero having damping factor m and
angular frequency w,. The gain G characterizes the level of the
backscattered signal by the structure.

In Figs. 4 and 5, this model is applied to fit the simulation
results of a structure having a gap ¢ = 0.5 mm. The model pro-
vides good accuracy around the resonance under consideration.
To have a closed-form formula valid in the whole bandwidth, it
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Fig. 8. Simulated RCS amplitude of a C shape for different length L values
and a constant gap value ¢ = 1.5 mm.
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Fig. 9. Simulated RCS phase of a C shape for different length L values. and a
constant gap value g = 1.5 mm.

is necessary to add some effects due to quasi-optical reflecting
behavior of the tag for higher frequency. This leads to an in-
crease in the amplitude for higher frequencies.

Now, considering the slot length L, changing its value will
shift the resonance frequency of the peak, but the phase devia-
tion keeps the same bandwidth as shown in Figs. 8 and 9. Such
an interesting behavior will be used in order to implement the
hybrid coding technique that uses these two quasi independent
variables: the gap g and the length L.

III. CODING TECHNIQUES

As previously discussed, chipless tag did not work with any
modulation scheme, so that the coding capacity depends on the
number of resonators used and the method of coding. As a re-
sult, the capacity of coding is strongly linked to the physical
size of the tag for time domain and frequency domain coding
approaches.

The idea is to perform the coding efficiency for a given res-
onator to get a large data capacity. Indeed, if one resonator can
encode many bits instead of just one, as for most of previous
design that use absence/presence coding technique [8], [9] [see
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Fig. 10. (a) Absence/presence coding technique introduced by Jalaly [8]. (b)
Frequency shift coding technique [13].
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Fig. 11. Constellation diagram (a) for absence/presence coding technique [7],
(b) for frequency shift coding technique [11].

Fig. 10(a)], it will lead to a real and a huge improvement in
coding capacity per surface.

A first improvement was made by increasing the number of
states per resonator, and a previous work using a frequency po-
sition coding technique demonstrated the possibility to encode
more than 3 bits for each resonator [13]. The used technique is
shown in Fig. 10(b).

As for classical modulation scheme in the time domain, a
graphic representation of the number of combination that can
be encoded for a given symbol i.e., a constellation diagram can
be plotted (see Fig. 11) in the frequency domain. Now, if we
change more than one parameter for a given resonator, such as
the frequency position, the magnitude, the phase or the quality
factor, a much higher number of combinations should be pos-
sible. The present tag was designed to encode two independent
parameters, the phase deviation and the frequency position in a
given frequency channel. The way used to encode data due to the
phase of a specific mode is illustrated in Fig. 12. As explained
previously, by changing the gap g, the phase shape is modified.
Similarly, changing the length L shifts the frequency of both the
peak and the dip. When the peak and the dip are very close, the
phase deviation is narrow and inversely the phase deviation is
broad when peak and dip are much more separated.

In the example of Fig. 12, a data value “00” means a narrow
phase deviation and a resonance peak at 2.5 GHz while “01”
stands for a wide phase deviation and keeping the resonance
peak at 2.5 GHz. The Code “10” and “11” are respectively due to
anarrow and a wide phase deviation when the peak frequency is
equal to 3 GHz. In this simple example using only one resonator,
two different values for two different geometric parameters, it
is possible to encode 2 bits.
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L=19.5mm, g=1.5mm
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Fig. 12. Coding principle using both phase and frequency shift encoding.
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Fig. 13. 2D Constellation diagram for hybrid technique combining phase de-
viation to frequency shift encoding.

To increase the capacity of coding of the tag, it can be defined
more than two values for the frequency of the peak and the phase
deviation. As an example with 4 values for each parameter, it
can be encoded 4 bits for a single resonator.

To have an idea about the efficiency of the coding introduced
here, a 2D frequency constellation diagram is shown in Fig. 13.
In this diagram, the sub areas represent the previous combina-
tions used with coding technique based on only one parameter
change as for frequency shift coding [14] and phase deviation
coding [13]. With this new hybrid coding, a large number of
combinations is possible. In Fig. 13, the unfilled circles show
the physically impossible states due to resonance overlapping
between two adjacent frequency channels.

IV. MEASUREMENT RESULTS

A. Measurement Set-Up

Measurement was done in the frequency domain with a
Vector Network Analyser HP 8720D having two ports con-
nected to two horn antennas as shown in Fig. 14.

Horn antennas have a gain of 12 dBi in the frequency band of
1 GHz to 18 GHz. Power delivered by VNA is O dBm in the
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Fig. 14. Measurement set-up using a VNA HP8720D in bi-static configuration.
Antennas and tag are put inside an anechoic chamber.

frequency band from 2 GHz to 8 GHz. The tag is placed at a
distance of 45 cm from both antennas. Using this configuration,
the complex So; parameter is measured. Since the received
response on port 2 is very weak, a reference measurement
with no tag has to be done. This reference allows removing all
static noise due to the environment. Then a measurement with
a metallic rectangular plate is done to take into account the
effects from antennas. All further measurements with chipless
tag are subtracted by isolation measurement and divided by the
metallic rectangular plate measurement [15]. This technique al-
lows receiving tag response even in a real environment outside
the anechoic chamber. Moreover, because the RCS analytical
formula for a metallic rectangular plate is known, it is possible
to get an accurate value of the tag RCS using (2)

S;(if _ S'éslolation (2)

12

otas — [S;?g — Sésl()latlon“ . O_rof

where 2% is the complex RCS value of the tag, o*°f is the com-

plex RCS value of the metallic reference plate obtained with an-

alytical formula and S5; are the three measured complex values
obtained in bi-static configuration.

RCS is an interesting parameter because it allows providing a

power budget of the reading system in order to estimate its Read

Range using radar equation [16].

B. Results

The tags shown in Fig. 2 have been realized and measured.
The frequency window for each resonator is a function of the
total bandwidth available and the number of resonators. Each
tag encodes data using 5 resonators and a frequency range
between 2.5 and 7.5 GHz is used. Thus each resonator has
a channel width of 1 GHz starting at 2.5 GHz, 3.5 GHz, 4.5
GHz, 5.5 GHz and 6.5 GHz. Various gap values g and lengths
L are used and data are given in Table II. In addition to the
dimensions of the tags, the associated targeted codes P1 and P2
for each configuration are given in the last rows of the table.
The code P1 is associated to the phase deviation coding only
while the code P2 is linked to the frequency shift coding.

To validate the way of coding, tag 2 to 5 have been real-
ized to vary only the gap g parameter keeping the resonance
frequency constant while for tag 6 to 8, only their length L is
varied keeping a gap value equal to 0.5 mm. The possible gap
values are 0.5 mm, 1.5 mm 2.5 mm and 3.5 mm, to create po-
tentially four phase deviation states for each resonator. The gap
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Fig. 15. |RCS| magnitude measurements for tag 1, 4 and 5.
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Fig. 16. RCS phase measurements for tag 1, 4 and 5.

increment is constant (1 mm) for sake of simplicity of realiza-
tion. The tag 1 can be considered as a reference with an iden-
tifier equal to “0.” Figs. 15 and 16 depict the effect of the gap
g. These plots show the frequency response for the tags 1 and
4, having extreme gap values for all the resonators, and for the
tag 5 having mixed gap values. In Fig. 15, one can notice that
the resonance frequency of each peak is the same irrespective of
the gap value. In order to keep constant the resonance frequency
while changing the gap ¢, it is necessary to adjust the length L
(it was previously shown in Fig. 6, the correlation between the
resonance frequency and L + g/2). The RCS level is also mod-
ified. A difference ranging from 4 to 15 dB can be observed. To
predict measurement results, simulations of the tag have been
done. Fig. 15 presents the magnitude of the RCS obtained when
the gap g is equal to 0.5 mm. Its value is close to that of the
measurement result with a maximal error equal to 4 dB for the
peak at 2.5 GHz.

In Fig. 16, measurement results confirm the influence of the
gap g on the phase deviation. Concerning the parameter L,
Figs. 17 and 18 respectively show the amplitude and the phase
of the tag 1, 6 and 7. For these configurations, only the slot
length L (see Fig. 2) is modified to produce stepped shifts
of 100 MHz for the resonance frequency. In both plots, one
can notice that only the first mode is shifted towards higher
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Fig. 17. |RCS| magnitude measurements for tag 1, 6 and 7.

frequencies when the length L; decreases. The phase deviation
bandwidth is kept constant and close to 90 MHz.

A summary of the results for all the tag samples is presented in
the Table III. This table was obtained from the phase response.
For each mode, the bandwidth corresponds to the frequency for
which the phase change (as explained in Section III) is larger
than half of its maximum value. This means that observing the
phase of tag 4 at 2.5 GHz in Fig. 16, the maximum deviation
is 4.5 rad. Thus, the half deviation phase bandwidth (HDPB) is
equal to 181 MHz. Tag 1 corresponding to the code “00000”
has a narrower bandwidth for each resonance while tag 4 corre-
sponding to the code “33333” has a wider bandwidth. Tag 1 to
4 could be taken as reference for other configurations in order
to retrieve the right code depending on the phase deviation for
each mode. For tag 5, 6, 7 and 8, color of cells are linked to
the closest values obtained for references tags and for a given
mode. For example, it can be seen that the first mode of the tag
5 has a bandwidth of 239.5 MHz higher than 181 MHz of the
tag 4, coding a “3.” And both higher modes have bandwidth
very close to the code “0” with a maximum error of 17.5 MHz.
It is worth noting that for the reference tag 1 to 5 there is no de-
coding error even if from tag 4 to tag 5, the frequency variation
of the mode 1 is significant (58.5 MHz) while keeping constant
g1. These shifts are due to parameters variations of the nearby
resonators. Optimizing the gap increments could be a solution
to discriminate all the combinations with a better reliability.
In the Table III, one error can be observed for tag 8, since for
mode 4, a phase deviation equal to 180.5 MHz is measured
coding a “1,” even if the gap ¢ is 0.5 mm for this configuration.
This unwanted effect seems to be due to the rough slot length
reduction necessary to shift the peak frequency from 5.5 GHz
to 5.9 GHz. To limit this unwanted effect, a possible way is to
slightly change the gap g while changing the length L to keep
the ratio g/ L constant.

The frequency values of the resonance peaks for all the
configurations are gathered in the Table IV. The tag 1 could be
still taken as reference because it defines all starting frequency.
A frequency step of 100 MHz is chosen to discriminate two
contiguous values so for the first mode the tag 1 with 2.45
GHz gives “0,” the tag 6 with 2.55 GHz gives “1” and the
tag 7 with 2.66 GHz gives “2.” Tag 8 produces the code
“03040” since the frequency of the mode 2 is equal to 3.78
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Fig. 18. RCS phase measurements for tag 1, 6 and 7.
TABLE III
HALF DEVIATION PHASE BANDWIDTH IN MHz AS A FUNCTION OF TAG
CONFIGURATION
Tag name| Bandwidth for each resonant mode | Code
(MHz) P1
Mode 1 |Mode 2| Mode 3 | Mode 4 |Mode 5
Tag 1 93.5 104.5 147 133 135 00000
Tag 2 975 52 227 1§35 || 1675 || filiiil
Tag 3 145.5 | 227.5 315 284 209 | 22222
Tag 4 181 296.5 | 376.5 357 223 33333
Tag 5 239.5 249 2375 120 117.5 | 32100
Tag 6 87 100 131.5 | 1335 128 | 00000
Tag 7 92.5 89 143 127.5 | 140.5 | 00000
Tag 8 93 105 133.5 | 180.5 | 115.5 | 00010
TABLE IV

FREQUENCY OF THE RESONANCE PEAK IN MHz AS A FUNCTION OF
TAG CONFIGURATION

Tag name| Frequency for each resonant mode | Code
(GHz2) P2
Mode 1 |Mode 2| Mode 3 |Mode 4| Mode 5
Tag 1 2.45 3.49 4.49 5.5 6.5 00000
Tag 2 2.43 347 4.51 5.5 6.54 00000
Tag 3 2.41 348 4.55 5.53 6.57 00101
Tag 4 2.42 3.49 4.54 5.52 6.59 00001
Tag 5 2.4 3.49 4.54 5.52 6.53 00000
Tag 6 2.55 348 4.5 5.49 6.53 10000
Tag 7 2.66 3.47 4.5 5.49 6.51 20000
Tag 8 2.45 3.78 4.53 5.87 6.51 03040

GHz, making a difference of 290 MHz with tag 1. For the
mode 4, a difference of 370 MHz with respect to the reference
gives the value “4.” A decoding error can be observed for
tags 3 and 4 due to unwanted shifts on modes 3 and 5. These
shifts equal to 90 MHz for the larger one, can be limited
during the design using a more accurate simulation model.
Also, one of the reasons to this effect could be the tolerance
of fabrication, roughly +50 pm that becomes critical for the
highest frequencies. At 6.5 GHz, 50 ym length uncertainties
provide a frequency shift of 50 MHz.
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C. Discussion

The obtained results confirm the possibility to combine two

nearly independent parameters, the phase deviation and the fre-
quency position, to encode data. Measurements in the frequency
domain validate this principle of design and confirm the theo-
retical predictions of coding.
When dealing with a real application, in addition to the design
of the tag, it is mandatory to develop the RFID chipless reader.
In the literature, it can be found a design of a reading system
that uses a YIG oscillator to sweep a CW interrogation signal
in the band of interest [17]. However, any reader must be com-
pliant with existing regulations and standards. So, considering
the needed frequency band of this chipless tag (5 GHz), it is
straightforward to choose the UWB regulation.

The Federal Communications Commission (FCC) defines a
power spectral density (PSD) of —41.3 dBm for the band from
3.1 to 10.6 GHz. If sending a CW signal, that means that the
signal has to be very week. But the possible way could be to de-
velop an impulse radio based approach. In this case a monocycle
pulse of width lower than 100 ps is send by the reader but with
a very low duty cycle. The minimum is 1 pulse per us (i.e., a
duty cycle of 0.01%) [18]. If calculating the PSD of this signal,
the value is very low even if having a peak amplitude of sev-
eral volts. However the emitted power during this short time is
very high, so the detection of the backscattered response from
the tag is possible. Moreover, in case of a noisy environment,
to increase the SNR (signal to noise ratio), averaging technique
can be used. We have experimented this technique for the detec-
tion of chipless tags [14], [19], and a detection range of 50 cm
was possible outside anechoic chamber. By using a LNA and
increasing the emitting power it is possible to reach 1m range
while being compliant with the FCC regulations for UWB com-
munications. On the other hand, for security applications, the
reading range is not a key factor (access control) and as it was
demonstrated in [20], a chipless tag can be designed to be read
into a waveguide. In this case only, the limitation on the emitting
power does not matter, since it is confined inside the waveguide.
This promising technique could be applied to all the chipless tag
designs having no ground plane, since a transmission measure-
ment is done.

For most of the RFID applications, it is needed to put the
tag on items of various shapes, thickness and material. In this
case, because the structure has no ground plane, its electromag-
netic signature is largely influenced by the item’s parameters. A
large permittivity will largely shift the resonance while a large
loss tangent will reduce it. To overcome this practical issue two
strategy can be adopted.

The first one consists in designing tags for specific items. In
this case the permittivity of the item is taken into account and the
parameters of the tag can be corrected to provide the resonance
frequencies at chosen locations. For a huge majority of practical
applications, this solution could not be used.

The second approach is more effective and promising and can
be used for items having a certain permittivity ranges (for ex-
ample between 1 and 5). It consists in using one or more res-
onators not to encode information but to probe the effective
permittivity of the surrounding environment. In free space, we
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get a resonance frequency that can be taken as reference (this
value is known). The geometry of this resonator will be fixed.
Now, if the tag is applied on an object, this resonance frequency
will be shifted towards lower frequency. Experimentally we had
verified that the relative frequency shift of this probe resonator
is linked by a predictive quasi-linear relation to the other res-
onance frequencies. Consequently, a compensation technique
based on the relative frequency shift of the probe can be used
and more likely integrated into the reader system.

The design presented in this paper encodes data using two
independent parameters, so it can be allocated two independent
codes for each resonator. Regarding the phase deviation, the gap
can take 4 values from 0.5 mm to 3.5 mm making 4 phase de-
viations that are clearly visible both in simulation and measure-
ment. As a result, 4 states can be encoded using only this first
parameter. Considering the frequency of the peak, since a fre-
quency step of 100 MHz has been chosen and that each mode
can vary on a 900 MHz frequency span (i.e., from 2.5 to 3.4
GHz for the first mode and so on) one can consider that 10 states
can be encoded. But in reality, the maximum phase deviation
bandwidth can reach 400 MHz from the peak, so it is neces-
sary to limit the maximal shift for the peak to 500 MHz from
the starting frequency of each mode. As a result, the number of
states that can be encoded for this second parameter is 6. Finally
the number of combinations that can be encoded for each res-
onator using both parameters is equal to 4 x 6 = 24. For the
5 resonators that are used the total number of combinations is
equal to 245 = 7 962 624, i.e., 22.9 bits within a tag of size 2
cm X 4 cm.

This corresponds to a density of coding per surface (DPS) of
2.86 bits/cm?. To compare, previous design from 1. Jalaly [7]
reaches 0.81 bits/cm?.

V. CONCLUSION

The design presented in this work demonstrated for the first
time the possibility to use more than one physical dimension
in order to control two coding parameters independently. This
was possible due to the “C”-like resonator used as Elementary
Coding Particle, presenting uncoupled resonance and anti-res-
onance modes. By combining the phase deviation encoding to
the frequency shift encoding, to get a hybrid coding technique,
a real improvement is made in terms of coding efficiency. In-
deed, instead of having only 10 bits in a previous work [11]
where only the phase deviation was used, the coding capacity
reach now 22.9 bits within a structure having a reduced size of
2 cm X 4 cm.

Only one conductive layer has been used for tag fabrication
since there is no ground plane. This makes it possible to reach
a very low unit cost if using for example printing techniques.

Even if the “C”-like structure of the elementary resonator is
very basic, modifying only L and g dimensions make possible
a hybrid coding technique and that was confirmed by measure-
ments done in the frequency domain.

In the future work, a chipless tag reading system will be de-
signed working in the operating frequency between 3.1 and 10.6
GHz. A promising way seems to develop an impulse radio based
reader to fit the emitting power mask defined by FCC and ECC
for UWB communications.
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