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Abstract. This article presents two chipless RFID
approaches where data are reading using electromagnetic
waves and where the medium encoding the data is com-
pletely passive. The former approach rests on the use of RF
waves. The tags are comparable with very specific, planar,
conductive, radar targets where the relation between the
tag geometry and its electromagnetic signature is perfectly
known and is used to encode the data. The data storage
capacity of the RF chipless tags is proportional to of the
used frequency bandwidth. As radio spectrum is regulated,
the number of possible encoding bits is thus strongly lim-
ited with this technology. This is the reason why we intro-
duce a new family of tags radically different from the
preceding one, where data is encoded in volume thanks to
a multilayer structure operating in the THz domain. These
two approaches although different are complementary and
allow to increase significantly the data storage capacity of
the chipless tags. Simulation and experimental results are
reported in this paper for both configurations. We demon-
strate a coding capacity of 3.3 bit/cm’ for RFID chipless
tags and a potential 10 bits coding capacity in the THz
domain.
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1. Introduction

Electronic tracking of products is a widely growing
field. The most familiar tracking techniques are conven-
tional optical barcodes [1], [2]. They are employed to
perform various identification purposes. The barcodes are
widespread due to their very low cost and ease of fabrica-
tion. Barcodes are limited, however, by their short range of
reading. In addition to range limitations, barcodes are
impossible to read if there is any obstruction between the

reading device and the barcode. When reading a barcode,
the orientation of the reading device relative to the barcode
also appears as a problem. If the reading device is not
properly aligned or is held at an improper angle, the en-
coded information cannot be read. As a result an individual
reading operation is required by a human operator.

The magnetic strips are also a very familiar tracking
technique which is widely employed in business to perform
several identification purposes. In term of using, the mag-
netic strips are closed to Smart Cards. Indeed, a contact
based Smart Card, or magnetic strip requires the insertion
of the card into a contact reader. In the specific case of
magnetic strips reader, the mechanical part is very impor-
tant. This leads to a dramatic increase of the reader
production and maintenance costs. It is why the global cost
of this identification technique remains high. Contrary to
barcode, the attractive feature of magnetic strips is that
they are writable and rewritable. However, their inherent
limitations — costs and not contactless — have prevented
their use in a wide range of applications for machine-read-
able data storage.

The above hurdles may be overcome by reading
another technology based on radio waves. RFID is an auto-
matic technique of capturing information coming from
a label containing the data by remote radio reading. The
label consists of a microchip and an antenna which ensures
the communication with a dedicated reader. Recently, this
technology has gained tremendous popularity as a device
for storing and transmitting information. It has now be-
come inevitable for item identification and tracking appli-
cations. Most RFID tags present a longer reliable range
than barcodes. Even though rapid growth is predicted by
many exploratory studies, its progress is slowed down due
to several economical, technological and social factors like
the high cost of the tags, the lack of safety and reliability of
the information contained within RFID chip, and difficul-
ties in recycling tags. Because applications using RFID
present various constraints, each tag design is dedicated for
a specific application. And it can be found many variant of
RFID depending on several parameters.
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Fig. 1. Classification of RFID tags.

As shown in Fig. 1, the most significant parameters
that best describe a RFID tag are the way of empowering,
the reading range, the data processing, the read/write capa-
bility and the protocol used. In this classification, emphasis
is made on the data processing parameter to introduce the
RFID chipless tag. Indeed, the major change of this tech-
nology is the absence of any chip IC connected to antenna.
Consequently there is a radical difference in cost and per-
formance between these two types. As a general rule,
chipped tags are more expensive but they have a larger
data capacity than chipless tags, also named “RF barcode”.
The cost of ICs has been a hurdle for the development of
low cost chipless RFID to replace the optical barcodes. For
these reasons, the realization of chipless tags constitutes
a very attractive solution for specific or everyday life appli-
cations. The principle of the information encoding, which
consists in encoding the identification number of the tag, is
based on the generation of a specific temporal or frequency
footprint. This temporal footprint can be obtained by the
generation of echoes due to the reflection of the incidental
pulse. In the frequency domain, one can characterize the
spectrum of the backscattering pulse.

As the name indicates, RF barcodes are similar to op-
tical barcodes not only in term of applications but also due
to technical reasons: all of them could be fully printable.
However, RF barcodes can be interrogated without having
significant line of sight and orientation problems as exhib-
ited by barcodes. It is why chipless RFID constitutes
an emerging technology for ultra-low-cost RFID applica-
tions. However it is currently confined to the licensed radio
frequency bands. To address this issue, the use of tech-
nology at higher frequencies (THz frequencies) could be
beneficial.

For all these reasons, this paper discusses approaches
and advances for chipless RFID tags. Section 2 is dedi-
cated to chipless RFID configurations, while section 3
defines the bases of a new reading system and its design
constraints. Then, section 4 will discuss the THz chipless
possibilities. Some simulation results of newly proposed
structures are reported.

2. Chipless RF Identification

There is a growing need of finding a substitute or
a complementary solution to the optical barcodes. Re-

searchers are then looking forward for a “chipless solu-
tion”. As the name indicates itself, chipless RFID tags do
not contain any chip and the data is electromagnetically
coded in the amplitude or the phase of the sensing wave.

Various papers reported in literature are dealing with
the amplitude approach. The basic technique consists in
using resonators tuned to specific resonances. The RFID
system in [3] is based on the wireless equivalent of optical
barcodes. They consist of arrays of microstrip dipole-like
structures that behave as resonant bandpass or bandstop
filters tuned to predetermined frequencies. As multi bit
read-only tags, the tagged item ID is determined from the
presence/absence of a set of resonance frequencies using
a bistatic measurement technique. Hence, with n barcodes
in the field, 2n -1 items can be identified. A similar tech-
nique is mentioned in [4]. The RF barcode technique intro-
duced here is also fully passive and presents a very low
cost; it consists of identical arrays of capacitively-tuned
microstrip  dipoles, which absorb energy from
a reader/interrogator. The tagged item ID is then deter-
mined from the presence/absence of a set of predetermined
resonance frequencies.

In [5], a novel chipless RFID system based on mul-
tiresonators is proposed which perform frequency signature
encoding. The 32 bit fully passive chipless RFID system
uses both amplitude and phase of the spectral signature.
This system uses a pair of orthogonally polarized dual wide
band antennas for the transmission and reception of sig-
nals. A multi resonator circuit is used to encode the multi-
frequency encoder signal from the antenna. By varying the
dimensions of each of the spiral resonator, the corre-
sponding frequency can be varied. The above mentioned
technique requires reference for performing the amplitude
and phase measurement of the signal. Since these methods
are based on the amplitude of the received signal, they are
prone to errors. This led to the development of Chipless
RFIDs using the ‘phase’ of the signal to code data. Muk-
herjee et al. [6] has proposed a method based on the phase
— frequency signature by the reactive termination of the tag
antenna. A microstrip based L-C ladder is used to encode
the bits in a phase — frequency profile.

Various printable chipless RFID tags with reduced
cost are also reported in the literature. Inkjet printable 8 bit
tags have been realized in [7]. This method uses a trans-
mission line with capacitive discontinuities using SMT
(Surface Mountain Technology) technology. Based on
whether the capacitors are connected or not connected to
the transmission lines reflections occur or not.

In this paper we propose a chipless RFID tag encod-
ing data thanks to the frequency response of the reflected
signal. Contrary to chipless approaches proposed up to
now, the design presented in this paper does not contain
any ground plane. Hence, this chipless RFID tag is fully
printable and compact. So far, for clarity of explanation,
we have considered a two bit chipless RFID. The geometry
of the tag consists in association of multiple coplanar strip
resonators making a ‘c’ shape as shown in Fig 2. It is to be
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noted that adding shorts at suitable positions of coplanar
strips produces frequency shift for associated resonant
modes. Finally, these shifts are used to encode data. The
positions of the shorts are identified from simulations using
CST Microwave studio. The frequency shifts are obtained
by changing the shorts length at different locations of the
tag thereby varying their configurations. Hence, the infor-
mation contained in the tag can be unambiguously read.

Variahle
short-circuit

k)

Fig. 2. Structure of the “C” tag,
a) schematic diagram,
b) picture of the “C” tag realized on FR4 substrate.

The tag response (see Fig. 3a)) presents four peaks
corresponding to four resonant modes. Each resonant mode
is produced by a coplanar strip resonator, and a link can be
done between its resonance frequency value and its physi-
cal slot length nearly equal to quarter wavelength.

In this structure the modes 1, 2 and 4 can be changed
independently. The mode 3 is due to interface between two
pair of coplanar strips and is influenced by others modes,
so it cannot be used for encoding. This method can be also
easily extended to larger number of bits to produce tags
with larger data storage capabilities. The key point of this
approach is that the resonant frequency can be tuned by
suitable filling of the slots. This technique can be applied
to each of the slots and hence independent frequency tun-
ing is possible for all the resonators in the structure. To
verify this assumption, numerous simulations achieved
with CST Microwave Studio using plane wave excitation,
have been done and results are plotted in Fig. 4. For each
plot, only one short length (1, 2 or 4) is modified at a time

in order to verify that the three other modes remain at the
same frequency locations. The length variations used are
between 0 and 2 mm, to avoid any aliasing of nearest reso-
nant modes. As a result, it is clearly shown that each mode
is fully independent so that it can contribute to increase the
coding capacity of the global design.

In Fig. 3b) ¢) d) the current distribution in slot 1, 2
and 4 for a given configuration is presented. Varying the
length of the short produces changes in the current distri-
bution within the tag, and thereby frequency shifts.

I

Fig. 3. Illustration of the link that exists between the resonant

frequencies and the geometry of the “C” tag.

a) Amplitude of the tag backscattered signal versus
frequency, the signal is normalized with the incident
signal,

b) current density on the tag at 2.1 GHz,

¢) current density on the tag at 2.55 GHz, and

d) current density on the tag at 4.4 GHz.

To make a link between the frequency location of
each considered mode and the associated binary code, it
can be defined a frequency span, and a frequency step for
each one. In Fig. 5 a simple example of binary coding
conversion operation depending on relative frequency shift
is shown. For mode 1, a frequency span is set between 2
and 2.3 GHz with a step of 100 MHz, while for mode 2
a frequency span from 2.4 to 2.55 GHz, combined with
a step of 50 MHz, is used.
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Fig. 4. Illustration of the operating principle of the “C” tag. These three curves show the amplitude of the tag backscattered signal versus

frequency for three different lengths of the slot.
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For mode 4, a frequency window between 4 and 5.2 GHz
with a step equal to 400 MHz is used. Hence we get 4
quantified frequency values, i.e. 2 bits, for each resonator.
For this simple example, the total coding capacity is 6 bits.
Indeed, taking a frequency step of 50 MHz for all modes
which is practically reachable corresponding to a readable
channel separation, a short calculation gives a coding
capacity close to 10 bits.

This coding capacity achieved for a compact size of
1.5x2 cm? is a very good result if comparing with perform-
ances attained by previous chipless tags designs. The “bit
to square centimeter” ratio for our tag is 3.3, i.e. much
larger than for tags presented in [3] (0.38 bit/cm?) and [5]
(0.6 bit/cm? for spiral resonators).

Frequency Binary code
(GHz) for slot n°2

2.4 0o
2.45 01
2.5 10
2.55 11

Frequency Binaty code Frequeney Binaty code

(GHz) for slot H®1 (GHz) for slot n°4
2 0o 4 0o
21 01 4.4 01
2.2 10 48 10
23 11 5.2 11

Fig. 5. Illustration of the encoding principle based on the

example of the “C” tag. The correlation table shows
the relationship that can exist between the resonance
frequencies of the tag and the associated binary code.
Here an elementary code containing 6 bits is described.
For example, to encode number 110110 produce
resonances at 2.3, 2.45 and 4.8 GHz.

3. Reading System Consideration

The chipless tag design presented in this paper
achieves some good performances in term of encoding
capacity, unit cost and size. But as it can be seen in Fig. 4,
to encode 10 bits in this case, a frequency span from 2 to
5 GHz is necessary. Obviously such bandwidth is not al-
lowed for civil applications, which have to fit the ISM
power mask. A possible way consists in using the recom-
mendation for UWB communication [8]. The Power Spec-
tral Density (PSD) defined for short ranges device has to
be lower than -41.3 dBm/MHz from 3.1 to 10.6 GHz in
USA, and from 3.1 to 9 GHz in Europe. To reach this
value of PSD some very low duty cycle signals have to be
used. Consequently, to design a reader FCC and ECC
compliant, the use of Impulse Radio technology is
mandatory.

To conclude, the rules on operating frequency and
bandwidth are very constraining in this band. Thus, de-

signing a reader having good performances is a hard task.
To avoid these disagreements, a possible way is to design
a chipless tag working in a much higher band like THz
frequencies.

4. Towards Chipless THz Identifi-
cation

Photonics crystals (PCs) are periodic structures and
have attracted considerable attention in the last twenty
years mainly because they exhibit ranges of forbidden
frequencies for the propagation of electromagnetic waves
[9]. Moreover, the PC behavior can be modified breaking
the periodicity of the structure, leading to the creation of
extremely narrow defect modes in the photonic band gap
(PBG) [10], [11]. We propose to use these properties to
fabricate a device for information encoding and identifica-
tion applications. For that purpose, in this section, we
propose a multilayer structure that encodes the information
by the presence and/or the absence of defects modes at
different frequency positions in the first PBG of a one
dimensional (1D) PC.

The device consists in a periodical arrangement of
two dielectric materials A and B that constitute a Bragg
structure (see Fig. 6). We use six 75-pm thick high resis-
tivity (resistivity ~ 5 kQ.cm) 2-inches silicon wafers sepa-
rated by 255 um air gaps to fabricate the sample. The mate-
rial has been chosen for its low losses and high refractive
index in comparison with air (n,; = 3.415, n,,= 1), and for
its non-dispersive behavior in the THz domain. The thick-
nesses of layers have been chosen in order to obtain a first
PBG centered around 250 GHz. On the other hand, the
number of layers has been chosen to get high band selec-
tivity and dynamic: the larger the number of layers and the
deeper of the PBG are, the steeper the band edges are.

AlE

a) b)

Fig. 6. a) Schematic of the 1D periodic structure with a struc-

tural defect at the central position (in black).
b) Picture of half of the structure.

To create transmission defects modes in the PBG, we
break the periodicity of the multilayer device, modifying
one or several layers in the arrangement (see Fig. 6). The
number and position of the defect modes in the PBG can be
adjusted varying the optical thicknesses of some of these
structural defects [11].

Fig. 7 shows an example of a 3 bit encoding using 3
defect modes in the first PBG of the 11 layers silicon-air
structure. The binary codes are obtained by modifying the
optical thickness of neither/either the central layer or/and
its two contiguous ones.
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To characterize the device, we use a classical THz-
TDS setup [12] based on LT-GaAs photoswiches, operated
as emitting and receiving THz antennas, illuminated by 60-
fs laser pulses @ 800 nm. A set of high resistivity silicon
lenses associated with four parabolic mirrors is used to
collimate and focus the THz beam. The device was meas-
ured in transmission at the focal point (THz beam diameter
~ 10 mm). As the temporal shape of the transmitted THz
signal is measured during 150 ps, the frequency resolution
is about 3.3 GHz. To vary the structural defect, the device
was split in two PCs mounted on a translation stage - the
gap in between can then be tuned from several tens of um
up to several mm.
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Fig. 8. 2 bit encoding using a single defect layer structure:
calculation (continuous line), and experimental results
(dotted line).

Fig. 8 shows the spectral THz field transmission of
the device for four different thicknesses of the central

layer: dashed lines with points represent measurements
whereas continuous lines represent theoretical results,
numerically calculated with the transfer matrix method
[13].

We choose the gap thickness to obtain one or two de-
fect modes at the two frequencies (184 and 301 GHz) in
the first PBG. The agreement between experimental results
and calculation is pretty good despite the 10% dispersion in
silicon wafers thicknesses that explain the small disagree-
ment for frequencies higher than 400 GHz. Such a device
can then be used to code binary information, where a high
level (1) is coded by the presence of a defect mode,
whereas a low level (0) is coded by the absence of defect
mode. Moreover, the level contrast between defect modes
and floor level is about 10 (limited by the frequency reso-
lution of the measurement) in amplitude corresponding to
about ~ 20 dB. Such a value permits a non ambiguous
detection.

The absence of defect mode in the PBG (see Fig. 8)
corresponds to a “00” binary sequence. Therefore the three
other configurations (Fig. 8) set for “01”, “10” and “11” 2
bit encoding, respectively. The frequency width of the
defect is about 4-5 GHz and is mainly limited by the fre-
quency resolution of the THz-TDS setup. Nevertheless,
with such a resolution, and taking into account the PBG
bandwidth (about 150 GHz), 15 channels for information
encoding should be available.
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Fig. 9. Frequency shift of the frequency of the two defects

obtain modifying the central layer versus incident
angle 6 under TM (a) and TE (b) polarization.
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However, PC electromagnetic behavior, and defect
modes frequency, both depend on the incident angle and on
the polarization state of the illuminating THz wave. Fig. 9
presents the frequency shifts of the two defect modes of the
<11> realized tag. In that case, we can notice that the
frequency shifts reach 100 GHz under 50° incidences in
both TE and TM polarization states. In other way, in the
case of encoding information and considering for example
a 20 GHz bandwidth channel (see channel 1 and 2 in
Fig. 9) the device can be illuminated under a maximal
angle of ~ 17° to prevent encoding corruption. The disper-
sion of the defect modes could strongly limit the applica-
tion range of such device for information encoding.

It has been previously shown that such dispersion of
the defect modes can be notably reduced by increasing the
dielectric constant of the structural defect [14]. We show in
Fig. 10 that the frequency shift of the defect mode in the
first PBG can also be reduced by using structural defect on
several layers of the PC, and not only on the central one.
Indeed, in Fig. 10, we plot the maximal incident angle that
can be considered under TM and TE polarization to main-
tain defect modes in their respective channels within the
first PBG of our 11 layers silicon-air device. This maximal
angle is plotted versus the number of channels for three
different types of structural defects. Regarding these re-
sults, the incident angle can be greatly enhanced using
a well chosen structural defect and can reach several tens
of degrees.
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Fig. 10. Maximum incident angle for the reading beam of the
THz tag versus the number of channel in the first PGB,
under TM and TE polarization and for three different
types of the structural defect.

5. Conclusions

RFID is very powerful technology worldwide consid-
ered in numerous applications and situations. To meet the
wide variety of requirements and constraints, many catego-
ries and shape of tags have been developed. Among the
most attractive solutions, chipless tags seem to be well
adapted for low cost and data security purposes. The data
storage limitations observed lead us to introduce a new
generation of chipless tags. In particular, we have devel-
oped a new THz chipless tag approach where a multilayer
structure is used for the data encoding in the volume and
not only in the surface of the device, and THz signals are
used to read it. Simulation and measurement confirm the
two ways for storing and reading the information. RFID
information coding leads to a memory capacity is
3.3 bit/em® and THz information coding leads to about
10 bits coding capacity. In this last case the main problem
to solve is to tune each different defect mode independ-
ently of the others. Considering the maximum angle under
which the tag can operate, this maximum angle could be
increased by changing the dielectric characteristic of the
defect modes. Moreover, we show that it is possible to
notably increase the maximal incident angle of the reading
THz beam by using a well chosen structural defect in the
periodic THz tag.
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