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ABSTRACT Radio frequency identification (RFID) is one of the most modern technologies in identification
and tracking systems. Recently, chipless RFID tags have been invented as a low cost, robust, and adaptive
alternative, in order to compete with the traditional barcodes identification. However, due to the passive
structure, there are a few drawbacks for chipless RFID tags such as short reading range and limitation of
encoding data capacity for chipless RFID tags. Hybrid chipless RFID tags have been invented to copewith the
limitation of encoding data capacity. This paper reviews the most recent study on hybrid chipless RFID tags
and presents an original work on designing a hybrid chipless RFID tag. A novel 3D encoding technique—
frequency, polarisation diversity, and frequency division multiplexing—for chipless RFID tags is proposed.
The proposed tag encoding data capacity has increased to 29N, as compared to 22N in the conventional hybrid
tags that were reported prior to this study.

INDEX TERMS Hybrid chipless RFID tags, encoding technique, data capacity, radio cross section (RCS),
frequency response, resonance, dual band, polarization, frequency division.

I. INTRODUCTION
RFID is a wireless data capturing technique which uses
electromagnetic wave for automatic identification [1].
RFID systems consist of three main elements: a transpon-
der or RFID tag for carrying identification code; an integrator
for sending signals to RFID tag, receiving the scattered signal
and identifying the ID; andmiddleware software whichmain-
tains an interface to encode identification data from the reader
to a personal computer [2]. RFID tags can be categorized
into three groups, which are active, semi-active and passive
RFID systems. An active transponder requires a power supply
which is either a permanent power source or a battery for
processing the signal and transmitting the processed signal to
the reader. Therefore, an active RFID tag could provide a long
reading zone. Semi-active tags have a battery supply which
provides power only for signal processing. So in this case, the
reading range will be shorter than the active tags. However,
passive tags do not require any power supply, and they utilise
the EM wave as a source of energy for processing the data
and corresponding to the reader. Consequently, the range of
detection for passive tags is limited [3].

Although chipped RFID systems have high encoding data
capacities and long tag detection ranges, the high price for this
technology (10 cents) is a barrier to the utilisation of it in most
of the applications. In addition, the lifetime of active tags is

limited. Also, the non-planar structure of classical RFID tags
with antenna and chip, and the procedure of fabrication of
chipped tags are the main challenges to compete with opti-
cal barcode technology for commercial applications. Thus,
chipless RFID with passive tags which can be fully printable
on different materials have been introduced.Moreover, due to
the low cost of printed tags, and non-line of sight tag detection
properties, chipless RFID technology is a suitable candidate
for the replacement of the conventional barcodes. However,
chipless RFID has a few drawbacks, which includes the non-
rewritable feature, a shorter range of detection, limitations of
encoding data capacity, and the complexity of reading tags.

Chipless RFID tags can be classified into four groups
according to their encoding techniques [4]. They are time
domain tags [5], [6], frequency domain tags [7], [8], image
base tags [9] and hybrid tags. Data can be encoded in chipless
RFID tag based on a different electromagnetic aspects of
the tag which can be frequency, time, amplitude, phase or
polarisation (Fig. 1).

In order to improve the performance of the chipless
RFID designs, it is required to have smart designs in the sense
of reducing the allocated bandwidth, which is called spectral
efficiency, as well as increasing the number of bits per occu-
pied space, known as spatial efficiency. Moreover, by assign-
ing a higher number of bit per each resonator, the chipless
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FIGURE 1. Developing chipless RFID tags toward EPC global.

RFID tag can be designed more efficiently. The next stage
of designing the smart tag is to enhance its performance
and compatibility according to industrial specifications in
order to commercialise the technology. For instance, the Elec-
tronic Product CodeTM(EPC) global standard demands chip-
less RFID technology to achieve 64 bits data capacity [10].
Therefore, at the design level, increasing data capacity of
chipless RFID tags is one of the most crucial challenges that
has attracted so many researchers’ attention.

There are different types of encoding techniques. Most
of them use only one dimension or electromagnetic (EM)
parameter of the resonator, which produces only two states
of data per resonator. For example, in the frequency-domain-
based chipless RFID, only the presence or absence of reso-
nance in a specific frequency defines the code of 0 or 1 in
the tag ID [11]. In some of the frequency domain chipless
RFID tags data are encoded in both amplitude and phase of
frequency response while there is still one bit of information
that can be achieved per each element [12]–[15]. Another
example of one-dimensional data encoding is embedding data
only in group delay, as proposed in [16].

It is clear that using only one dimension of data encoding
limits the amount of information encoded by each element.
On the other hand, for encoding more information in a single
dimension tag, multiple elements are required. Increasing the
number of resonators increases the size of chipless RFID tag
and makes it impractical for most of the applications [4].
Besides that, there is a maximum number of resonances that
can be fit in a specified bandwidth, and increasing operating
bandwidth is not always possible as it has the cost of design-
ing UWB reader with a wider bandwidth.

A new approach to increase encoding data capacity is to use
hybrid techniques which consider more than one parameter
for each unit cell or utilise more than one dimension for data
encoding in a given resonator. Therefore, more than one bit
of data can be encoded by one element structure. Another
approach to increase encoding capacity is to use modulation-
encoding methods.

This paper reviews the most recent developments of
chipless RFID tag designs. The hybrid tags have multi-
dimensional data encoding capability and hence offer higher
data capacity than the conventional chipless RFID tags. This
paper analyses and classifies the reported hybrid tag into
a systematic classification of different hybrid dimensions
based on the encoding techniques. Finally, the analytical
findings are synthesized in our work of a multi-dimensional
hybrid domain chipless RFID for high spectral and spatial
efficiencies.

The paper is organized as follows:
Section II introduces different hybrid chipless RFID tags

and provides a classification of tags based on encoding tech-
niques. For each type of hybrid tag, the concept will be
explained with examples from recent research outcomes.

In section III, we propose a novel hybrid chipless
RFID tag with three-dimensional encoding techniques. For
this chipless RFID tag, a dual-band resonator with polarisa-
tion diversity in the second band is used as well as utilising
frequency deviation for increasing data capacity. One of the
advantages of this design is that the number of active reso-
nances in the operating bandwidth has been reduced, which
can be beneficial in the simplification of the tag ID detection
algorithm. Moreover, the structure is designed with a high
RCS level, which makes this structure suitable for applica-
tions that require tag reading in far distances.

Section IV compares the performance of the proposed
three-dimensional chipless RFID tag with the reviewed
designs in section II which presents two-dimensional
encoding techniques. In this section, the spectral and spatial
efficiencies of different encoding techniques reported in the
literature are analysed. Finally, section V concludes the paper.

II. HYBRID CHIPLESS RFID TAGS
As it was mentioned before, in a hybrid chipless
RFID tag, more than one dimension is utilised to encode
data. It is a goal in hybrid chipless RFID tag to encode
data in each dimension independently. As a result, each
resonator can produce more than one bit of data. All recently
published research in chipless RFID tags can be categorized
into five groups according to the method of encoding. These
are phase-frequency, polarisation-frequency, time-frequency-
group delay based, time-frequency non-group delay-based
and modulation based, as demonstrated in Fig. 2. In the next
Section, the main concepts of each type of hybrid chipless
RFID tag will be explained, and the examples from the recent
publication will be discussed.

A. PHASE-FREQUENCY CHIPLESS RFID TAGS
In a phase-frequency based chipless RFID tag, data are
encoded by taking amplitude and phase of the frequency
response into consideration. In this encoding technique, one
dimension of encoding is related to frequency position, and
another dimension is based on the phase derivation. There-
fore, structures with sensitive parameters to phase are suitable
candidates to be used for this method of encoding. The recent
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FIGURE 2. Different types of chipless RFID tags.

FIGURE 3. (a) C-section hybrid chipless RFID tag, (b) coding principal
using phase and frequency shift encoding [17].

studies in phase-frequency encoding in chipless RFID will be
discussed in this section.

One of the approaches for encoding data in phase-
frequency dimensions is to control the bandwidth of phase
and amplitude of RCS in frequency responses. Phase devia-
tion, and frequency selection encoding techniques were pro-
posed by Vena et al. [17], in which five C-section resonators
were used to achieve 22.9 bits of data. The occupied size
of this tag was 2cm × 4cm including five resonators, as
shown in Fig. 3 (a). Variation of lengths and gap sizes in
C-section resonator shifted the frequency position and
changed the shape of phase respectively. As it can be seen
in Fig. 3 (b), in each resonance, the dip and peak of frequency
could be controlled independently by tuning the length of
the resonator and the gap size. Thus, a different phase shape
was created at each frequency position. In this work, four
possible gap sizes were used to create four phase deviation
states for each resonator. It is demonstrated that by using
two independent parameters, (frequency position and phase
shape), two dimensions of encoding can be allocated to each
resonator. The measurement of tag RCS was carried on in a
distance of 45cm.

Another phase-frequency encoded chipless RFID transpon-
der was proposed by Balbin and Karmakar [18] in which
three square-stub loaded microstrip patch antennas with load-
ing stubs were used, as shown in Fig. 4. In this encoding
technique, changing the length of a loaded open circuit stub

FIGURE 4. Phase coded chipless RFID tag which is consists of three patch
antennas connected with three meandered open circuit stubs [18].

FIGURE 5. The simulated phase response of every nine states of a tag
using two Polarization-frequency tags [19].

changed the phase of the backscattered signal in a predicted
way, which produced different states of data. It was claimed to
have a possible capacity of 108 states of data with a 5-degree
resolution of phase in 2.1-2.6GHz while in practice a tag with
only two states of data per resonator using 30-degree phase
resolution was presented. The structure of this tag was planar
and could be printed on low-cost plastic or paper, but the large
size of this tag (more than 15 cm for three resonators) was a
barrier to most of the applications.

Moreover, a phase encoding method in chipless RFID was
proposed by Majidfar et al. [19] using a combination of
spiral resonators, coupled transmission line and two separated
circular widebandmonopole antennas as a chipless RFID tag.
In this design, as shown in Fig. 5, according to phase shape in
three different design variations, three states of code could be
produced in each frequency position. The design variations
are (1) the absence of resonator, (2) placing the spiral res-
onator above the transmission line, and (3) placing the spiral
resonator below the coupled transmission lines. The main
advantages of this tag design were to provide a narrowband
response of resonance and a simple encoding method, which
is low cost and printable. However, the drawback of this
structure was the big size of the tag including the antennas in
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FIGURE 6. Top view of a single unit cell [21].

the structure. The diameters of the antennas are D1= 60 mm,
D2= 90mm. Therefore, based on the large size of the tag, this
tag cannot be utilised for the applications in which a compact
size is needed.

Similarly, Genovesi and Monorchio [20], [21] proposed a
phase quantisation encoding on multi-frequency resonators
by using the quantised difference between TE and TM phase
responses of the tag. In this work, a set of periodic rectangular
loop resonators with four stubs attached to each loop corner
was used, as shown in Fig. 6. The varying length of those
stubs (S) led to a change of the phase response of TE incident
wave while the phase response of TM mode was almost
unchanged. By calculating the difference between the phases
in TE and TM modes and quantising it, different states of
data could be achieved. Moreover, in order to guarantee a less
steep phase response and increased discrete-phase state, a low
dielectric permittivity (Teflon) was used. As a result of using
a structure with four ring resonators and phase quantisation
of1 = 10◦, a maximum of 13.67 bits of data were achieved.
The advantages of this tag design were the compact size
and its ability to operate in the very narrow frequency band.
In addition, in their study, there was an investigation to
confirm the independency of phase response for adjacent
elements over changing stub length of only one resonator.

B. POLARISATION-FREQUENCY CHIPLESS RFID TAGS
Encoding in polarisation-frequency based chipless RFID tags
is based on using structures which produce different fre-
quency signature when the polarisation of the incident wave
varies. In this case, the tag ID code can be created in both
frequency and polarisation independently.

In [22], three split ring resonators with polarisation diver-
sity and variable gap configuration were used to encode
data. By using this structure, which was very sensitive to
the polarisation angle. As shown in Fig. 7, detection of the
rotation angle of the tag was possible by resolution of 20◦.
Each rotation of gap on ring resonator was directly related to
the polarisation angle. Thus, according to the place of the gap
in each ring and incident wave polarisation angle, different
codes in the frequency domain could be produced. To avoid
confusion in detection of rotated tag, a ring with a gap
in 0◦ was added as a reference of rotation. It was claimed that

FIGURE 7. Encoding technique based on polarisation diversity [22] (a) the
tag layout, and (b) the tag response.

the benefit of this compact size tag design was using a narrow
frequency band for encoding data. The drawback of the tag
was the complexity of reader to have a mechanical rotation
of antenna in different angles. The tag had three resonators
in size of 3cm × 3cm, and encoded with 6 bits of data
in 3.4 to 7.1 GHz.

Furthermore, a compact dual polarised chipless RFID tag
was proposed by Islam and Karmakar [23] using multiple-
slots resonators on a rectangular patch antenna which
produces 2 bits data in each frequency using vertical or hor-
izontal polarisations. Resonators with the same polarisation
were placed in separated patches to reduce mutual coupling.
As an example, one tag with all ‘‘1’’s in H- polarisation and
two ‘‘0’’s in V- polarisation are demonstrated in Fig. 8 with
their frequency response in both polarisations. Although
the adjacent resonators are separated in two arrangements,
the coupling effect can still be seen in the form of a frequency
shift in transition between 1 to 0. To improve this work,
an 18 bit dual polarised in a compact size is proposed in [24]
which used I slotted antenna patch in the frequency range
of 7-13 GHz in which low RCS and short range detection are
the weak points of the structure.

A similar dual polarised fully printed 3D stacked chipless
RFID tag was reported by Preradovic [25] which used 2 sets
of dipole antennas in both vertical and horizontal directions,
and integrated the tag both in vertical and horizontal polar-
isations. This tag was printed on a low-cost polyimide thin
filmwith screen-printing, whichmade it suitable for banknote
chipless RFID tags. Moreover, the reading range for this tag
was 20cm with an operating frequency of 1.8 to 3GHz.

C. TIME-FREQUENCY-GROUP DELAY BASED CHIPLESS
RFID TAGS
In most of the time-frequency-group delay based chipless
RFID tags [26]–[30], microstrip C-section resonators were
cascaded, and a dispersive delay structure (DDS) was con-
structed, which presents a frequency dependent time delay to
the signal that travels through [4]. Since the input pulse was a
combination of frequencies in the time domain, the received
signal in a specific frequency would be delayed after pass-
ing through C-section. The amount of group delay could
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FIGURE 8. (a) 16-b dual polarised tag with all 1 in H- polarization and
two 0’s in V-polarization and (b) frequency response [23].

FIGURE 9. The principle of utilisation of group delay in the chipless tag.
(a)structure of the proposed tag, (b) group delay curve in the frequency
domain, and (c) corresponding time delay [28].

be controlled by changing the parameters of C-section. One
approach to coding was changing group delay for a partic-
ular frequency by making a small change in the length of
the C section, as shown in Fig. 9. In the case of having a
significant amount of group delay, the corresponding bit can
be bit ‘‘1’’ and having a small amount of group delay defined
as bit ‘‘0’’ [26]–[28].

Another approach of encoding data is to use DDS to gen-
erate pulse position modulate integration signal [29], [30].
In this method, the integration signal should be a train of
pulses at different frequencies, and by passing through the
tag, each frequency will delay in a different value. In this
coding a shift of frequency position of the pulse to the right
side is considered as bit ‘‘1’’, and a shift to left side repre-
sent bit ‘‘0’’. Although by changing the group delay in each
frequency, a high capacity of encoded data can be achieved
in theory, there is a significant drawback for this method as

FIGURE 10. Prototype coding particles for group delay modulation with
via inductor and two parallel via inductors and adapted SMD
capacitance [31].

resonance frequency, and group delay cannot be controlled
independently, and it creates ambiguity in signal processing.

In addition, a group delay modulation based on metama-
terial concept with a stacked patch antenna was proposed
in [31]. The frequency response of this tag varied by structure,
the position of vias, number of parallel vias, and the number
of lump element capacitors traversing the gap crossing the
patch. The structure of this tag is shown in Fig. 10. The
loaded quality factor of LC circuit, created by capacitor lump
element and the capacitance gap on patch and inductance of
via and patch, determine the group delay in each encoding
particle. The main problem with this design is that group
delay and frequency positions can not be controlled indepen-
dently in the design. In addition, this structure is not fully
planar and can not be printed as it contained via holes and
SMD capacitors.

D. TIME-FREQUENCY NON-GROUP DELAY BASED
CHIPLESS RFID TAGS
A time-frequency encoded chipless RFID tag with a reused
frequency option is suggested in [32]. In this encoding tech-
nique, the tag consists of two receiving and transmitting tag
antennas, one broadband power divider, a time delay circuit
and two multi-resonators. The same frequency signature of
the resonators can be generated in two time slots, by using
the two delay meandered line, with different lengths. The tag
ID can be extracted through time-frequency signal process-
ing. The reflected signal from the tag, which was interrogated
by a pulse, consisted of three pulses. They were transmitted
pulse, the output of port #1 and port #2. By utilising time
windowing, each output of ports could be separated in the
time domain to detect the resonances in frequency domain.
Therefore, for each frequency position, two states of data
in the time domain could be achieved. For this structure,
the operation frequency range was from 4 GHz to 6.5 GHz.
Although this design is printable and has the potential for high
data capacity, the large size of this tag design is a barrier in
practical applications.

E. MODULATED ENCODED CHIPLESS RFID TAGS
One approach to increasing data capacity is to consider more
than one parameters of the resonator which can be controlled
independently. Recently some interesting research has been
conducted to use features such as bandwidth or amplitude
level or shape of RCS to encode data to the tag.

For example, one approach was considering notch band-
width and frequency position, which could provide 4 bits of
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FIGURE 11. Basic principle for coding technique: (a) Codes for notch with
bandwidth BW1, (b) Codes for notch with bandwidth BW2, and (c) Codes
for notch with bandwidth BW3 [33].

data for each single resonators in [33]. The operating fre-
quency was 2 to 5 GHz. In this encoding technique, the band-
width of each resonance was controlled by three elements,
and they were a dipole, a rectangular ring and rectangular
patch elements that generate the first, the second and the
third bandwidth as shown in Fig. 11. Moreover, the main
challenge in this encoding technique was the tag ID detection.
In order to estimate frequency bandwidth, a smart singular
value decomposition technique was used.

Encoding information based on the magnitude level of
RCS in depolarised chipless RFID tag was proposed for
the first time by Rance and Siragusa [34]. In [35] infor-
mation coding over magnitude level of RCS in addition to
frequency position was presented. Single-layer tags based on
C-folded dipoles are designed to have different magnitude
levels. A magnitude span up to a 15.2 dB with a resolution
of 3.5dB was achieved, and an additional scatter was used as
a reference in RCS amplitude measurement. Due to coupling
between resonators, the total code capacity was limited to
15 bits within a tag of size 3 cm × 4 cm. This tag design
is an interesting option to be printed on paper as compared
to frequency position-coded tags which have a low-quality
factor of resonance in the paper substrate.

Furthermore, in [36], a hybrid chipless RFID tag was
proposed utilising impedance loading. The principle of this
structure is shown in Fig. 12. It can be seen that the resonances
depth generated by ring resonators can be controlled by SMD
loading resistors connected to each ring. Therefore, there was
more than one state of data at each frequency position, which
had the possibility of generating 23.7 bits of data in the size
of 3cm × 3cm. The operating frequency of this design was
3 to 9 GHz. The drawback of this structure was the non-
planar feature of the tag, as it was required to change the
SMD resistors and via holes positions for varying the tag ID.

Another approach was using step impedance resonator to
control fundamental resonance frequency as well as first har-
monic frequency independently by changing impedance and
length ratio which achieved 22N bits using N resonators [37].
Moreover, a dual-band chipless RFID tag was presented

FIGURE 12. The coding principle of ASK [36].

in [38] in which 3N bits could be achieved over each
resonator.

An angle-based chipless RFID tag was proposed in [39]
which was polarisation independent. Data were encoded
by controlling space angle between two arms of V-shape
scattered. Furthermore, by reforming the UIR into the SIR,
the second harmonic of the scattered field was suppressed
and the spectrum efficiency was improved. In this hybrid
tag, 3bits of data could be encoded with each scattering. The
operating frequency was 1.83 to 2.15GHz and identification
errors were less than 3.9 degrees.

III. A NOVEL THREE-DIMENSIONAL ENCODED
CHIPLESS RFID TAG
As explained, the hybrid chipless RFID tags, which are pro-
posed in the literature, mostly used two dimensions for data
encoding. In order to increase the data capacity of chipless
RFID tags, it is a novel solution to utilise more than two
dimensions of encoding technique. It this paper a new hybrid
chipless RFID tag with three dimensions of encoding tech-
nique is proposed in order to increase the data capacity. The
three utilised dimensions are dual-band, polarisation diver-
sity, and frequency division. This structure is a one-layer
design, which can be printed on different materials such as
plastic and paper as well as PCB fabrication. In addition to
high data capacity of this tag in a limited bandwidth, the
RCS level of this design is relatively high, which can enhance
the reading ranges.

One of the crucial challenges in chipless RFID tag detec-
tion is the coupling effect between adjacent resonators in
multi resonator structures [8], [40], which has caused difficul-
ties in design, and detection. To address this issue, the number
of active resonances in the bandwidth can be minimised and
in fact, the other parameters of the resonator can be assigned
for encoding. Moreover, functioning as a multi-resonator
structure, multiple virtual resonators can be defined while
only one physical resonator is available in the tag. Based on
this idea, in this paper, a dual-band resonator with polarisation
diversity, which generates at least 9 bits of data per resonator
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FIGURE 13. The possible states of data for one resonator with
4-frequency division at each dimension (including no resonance).

with only two occupied frequency positions per each state,
is proposed.

A. DUAL BAND-POLARISATION DIVERSITY- FREQUENCY
DIVISION ENCODING TECHNIQUE
The proposed chipless RFID encoding technique uses a dual-
band resonator which has polarisation diversity in the second
band. Moreover, the frequency division technique is used
for the resonances of both bands and both polarisations to
minimise the number of the active resonators. Assume having
a tag with K virtual resonators, and each of those resonators
generates N states of data in the first dimension (first band)
and M and L states in the second and third dimensions (sec-
ond band in Y-polar and X-polar), the data capacity can be
calculated from equation (1).

Data capacity=Log

(
K
J

)
2 +J (LogN2 +Log

M
2 +Log

L
2+Log

K
2 )

(1)

where
K is the number of virtual resonators,
J is the number of physical resonators,
N is the number of states in the first band of each resonator,
M is the number of states in the second band and Y-polar, and
L is the number of states in the second band and X-polar.
It should be noticed that in the physical chipless RFID tag,

only one of the designed virtual resonators is presented and
the selection of that resonator can produce extra bits accord-
ing to the number of available virtual resonators.

As an example by defining four states of data in frequency
division for each frequency band and each polarisation, 6 bits
of data can be achieved per resonator. These four states
for each band and polarisation are generated by assigning
three frequency positions for each resonance and one state
to no resonance condition. The possible states of data for one
resonator with 6 bits of data using three frequency positions
at each band and polarisation are shown in Fig. 13. In this

FIGURE 14. (a) A Dual-band tag resonator and (b) the bit stream of binary
code for each resonator.

paper, in order to prove the concept, a chipless RFID tag with
9 bits per resonator was designed and fabricated.

B. THE TAG STRUCTURE
The proposed resonator for this hybrid chipless RFID tag is
shown in Fig. 14 (a). This resonator is a circular shaped-
antenna with a ring resonator slot and a plus-shaped slot
with different lengths. The first resonance is generated by
the slot ring resonator, which can be excited with vertical
and horizontal polarisations with the orientation insensitive
reflection. The cross-shaped slot generates the second band
resonances. The vertical slot can be excited via vertical polar-
isation, and the horizontal section of the cross can be excited
only by horizontal polarisation. Therefore, the polarisation
diversity in co-polar RCS of the cross shape slot can generate
two independent resonances in each perpendicular polari-
sation. The first-band resonance frequency position can be
adjusted by changing the diameter, D2, and at the second
band, the length of vertical and horizontal cross-shaped slot
can tune the response frequencies in vertical and horizontal
polarisations. The important thing in designing this tag is that
the resonances at all three dimensions, each band or each
polarisation can be tuned independently.

In addition the binary bit pattern for one resonator is shown
in Fig. 14 (b) which illustrates that the bits related to the first
band are the MSB and the bits encoded by the second band
and the second polarisation are the LSB in the code. In this
code Ri is corresponding to the index of a virtual resonator,
Bi and Pi are describing the band and polarisation respec-
tively. For example, R1B1P1 is corresponding to the bits gen-
erated from the first band resonances in the first polarisation
of the resonator #1.

As it was mentioned in this encoding technique, in order
to increase the spatial efficiency, only one physical resonator
is available while multiple virtual resonators can be defined
depending on the available frequency range. Therefore, in a
multi virtual resonator, extra bits at MSB can be allocated
to define the selection of one resonator out of K virtual
resonators. For instance, when there are two virtual resonators
available, only one bit is allocated to the resonator selection
bit which can be 0 or 1.Moreover, since each virtual resonator
has two frequency band resonances with polarisation diver-
sity, there is a similar binary formation for each resonator.
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FIGURE 15. X-polar and Y-polar RCS in tag ID set 1, all combinations of
the first band frequency division.

FIGURE 16. X-polar and Y-polar RCS in tag ID set 2, all combinations of
the second band in Y-axis frequency division.

To prove the concept, a one-resonator chipless RFID with
8 frequency-division positions at each band and each polar-
isation is simulated and measured. In Figs. 15-17, different
combinations of the 9-bit tag ID are depicted, which proves
that the resonances at each band can be adjusted with the least
coupling effect on the other resonance frequency position
in the second band and second polarisation. This structure
was simulated in CST Microwave StudioTM, and Taconic
Cer-10 substrate with 0.76 mm thickness, and permittivity
of 10 were utilised.

As it can be seen in Fig. 15, the allocated bandwidth for the
first band was 3 to 3.6 GHz with seven frequency positions,
which can be tuned by changing the ring slot resonator radius.
The data states, which are related to the presence of the
resonance at any seven-frequency positions in addition to the
absence of resonances in the first band, produce the first 3 bits

FIGURE 17. X-polar and Y-polar RCS in tag ID set 3, all combinations of
the second band in X-axis frequency division.

of encoded data. As it was expected, the first band resonance
is independent to polarisation due to the symmetric shape.
The other important point, which is shown in this figure,
is that although the first band resonance shifted at different
frequency point, the second band resonance stayed in the
same position in both polarisations.

Furthermore, all combinations related to the second 3 bits
which are related to the tuning of vertical slot length are
shown in Fig. 16. The allocated bandwidth for the second
band is 5.7 to 6.9 GHz with seven frequency positions and
one state of no resonance. The length of the slot resonator
changed from 4 to 5.94mm to generate all eight states of data.
In addition, it can be seen that the second band resonance
in Y-polar has been shifted independently and the first band
resonance and second band resonance at X-polar occurred at
the same frequency position in all states. Similarly, in the third
set of tag ID which corresponds to the last three bits of tag ID,
the X-polar of the tag varied at each state. To generate eighth
states, only the second band slot resonator length in X-polar
was changed with no effect on other resonances in Y-polar
and the first band, as shown in Fig. 17.

C. MEASUREMENT RESULTS
Using the proposed structure, a chipless RFID tag with a tag
ID of 010001100 was designed and fabricated. A Taconic
Cer-10 substrate with permittivity of 10 and a thickness
of 0.76 mm was used for this design. In the layout of this
design, the outer radius of the slot ring resonator, D2, was
9.18 mm and the width of this slot, W2, was 1mm. In the
frequency signature, the resonance corresponding to this ring
resonator was the first band resonance occurred at 3.2 GHz.
Also, the length of the plus-shaped slot in X-axis and
Y-axis were 12.4 mm and 11 mm, respectively, which pro-
duced the second band resonances at 5.9 GHz and 6.5 GHz
in X-polar and Y-polar respectively. A photo of the fabricated
tag is shown in Fig. 18.
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FIGURE 18. The fabricated tag on Taconic Cer-10 that is corresponding to
the tag ID 010001100. D2 = 9.18 mm, W2 = 0 mm, L1 = 12.4 mm,
L2 = 11 mm, and W1 = 0.4 mm.

FIGURE 19. The tag measurement setup.

The tag frequency signature was measured in an ordinary
lab environment as shown in Fig. 19, utilising a VNA model
Anritsu 37247D and aHorn antenna. Since polarisation diver-
sity was applied for data encoding, the RCS of the tag should
be measured in both X-polar and Y-polar. Therefore, two
approaches can be implemented for this measurement setup.
The first one was using two horn antennas with perpendicular
polarisations. The second approach was having only one
antenna which can be mechanically rotated 90 degrees for
the measurement of the X-polar or Y-polar RCS. In addition
to simplifying the measurement, the antenna orientation can
be fixed for a specific polarisation, and the tag can be placed
in front of the antenna in two angles for X-polar or Y-polar
measurement. For this lab measurement with a fixed antenna
position, the tag was placed with two perpendicular orienta-
tions corresponding to both of the polarisations.

In this measurement, a background subtraction technique
was used to reduce the effect of the environment in the tag
RCS. In the background subtraction technique, the first step
is to measure the S11No−Tag of the antenna in the absence of
the tag, which includes the loading effect of the environment.
Secondly, the tag should be placed in front of the antenna,
and the S11Tag is measured. This measured vector consists
of the environment loading effect, the antenna response and
the reflection from the chipless RFID tag. The RCS of the
tag can be calculated by removing the loading effect of the
environment using formula (2).

Tag Frequency Signature = S11Tag − S11No−Tag (2)

FIGURE 20. The simulation and measurement results for the tag
ID 010001100.

This background subtracting procedure was applied in both
stages of the tag measurement (measuring the X-polar and
Y-polar RCS).

The measured frequency response in both X-polar and
Y-polar is compared to the simulation results in Fig. 20.
It can be seen that the first band resonance has the same
frequency position (3.2GHz) in both X-polar and Y-polar
measurement as well as the simulation results. Moreover,
the second band resonances were tuned independently to
5.9 GHz and 6.5 GHz in X-polar and Y-polar respectively,
and the results of measurement agreed with the simulation
results.

This measurement result proves the excellent performance
of the tag as a three-dimensional encoded chipless RFID tag,
which contains 9 bits of data in one resonator. It also can
be seen that the maximum RCS level of measured frequency
signature was around -15 dB and the depth of nulls was more
than 30 dB. These two values are excellent in terms of high
level of RCS that can help in increasing the reading range.

D. DISCUSSIONS
A suitable chipless RFID tag for practical applications should
yield high data capacity, high RCS, the least coupling effect
between adjacent resonators, and the least effect of transition
between binary states ‘1’ to ‘0’ (or vice versa). Moreover,
reducing the size of the tag and minimizing the occupied
frequency bandwidth are preferred to simplifying the reader
architecture. Moreover, it is desired to have a planar printable
structure to reduce the cost and complexity of fabrication.
An important factor for designing the tag is the level of
complexity of the tag ID detection algorithm, which is related
to the data encoding technique. In hybrid chipless RFID tags,
more than two aspects or dimensions of data encoding are
used in order to increase data capacity.

As it was discussed in previous sections, hybrid chipless
RFID tags were classified into four groups based on different
data encoding techniques. The common thing in reported
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TABLE 1. Comparison analysis of hybrid chipless RFID tags.

hybrid tags is that for all structure, two parameters of each
resonator contain the encoded data. This investigation led
to discovering a research gap to design a chipless RFID tag
that can include three dimensions or parameters for encoding
data. Utilizing three parameters of one resonator can increase
the data capacity and reduce the size of the tag significantly.
In multi-dimensional encoding techniques, a serious chal-
lenge is to control three various parameters of a passive
resonator independently with the least coupling effect.

In this paper, a three-dimensional encoding technique
for a hybrid chipless RFID tag is proposed. Dual-band,
polarisation diversity in the second band and frequency
division multiplexing are used to increase data capacity.
By defining the high resolution of frequency division for
this technique and using the other two dimensions of the
encoding technique, high data capacity per resonator can be
achieved.

In order to compare the performances of different hybrid
chipless RFID tag designs in the open literature and the
proposed structure, Table 1 provides a comparative analysis.
It can be seen that the three works have the highest data
capacity among those on the list. The first one is the pro-
posed structure by the authors in this paper by using three-
dimensional encoding techniques, which produce 9 bits of
data per each resonator with a printable structure that can
be printed on different materials such as plastic and paper.
The second one uses the resonance depth and frequency
position [36] for encoding data, and generates 7.9 bits per
resonator, while there is a drawback of having a non-planar
structure in which assembling SMD resistors is required.
In addition, the frequency-phase bandwidth technique [17]
produces 4.58 bits per resonator which has a planar structure
and high RCS.

Furthermore, regarding spatial efficiency, the number of
bits per cm2, and the number of bit per λ2 are provided. To cal-
culate the wavelength, the smallest value of wavelength in the
frequency range is considered. Regardless of the effect of the
frequency range, the polarization-frequency techniques pre-
sented in [23] and [24] have the highest value while they pro-
duce only two bits of data per resonator. The next designswith
efficient design regarding to size are a bandwidth division
technique in [33] and a phase frequency encoding in [17] with
the spatial efficiency of 3.6 and 2.86 respectively. In addi-
tion, the Resonance depth- frequency method in [36], has a
spatial efficiency of 2.63 while the non-planar structure is
the drawback. The structure proposed in this paper also has
an efficiency factor of 1.56. Other reported hybrid chipless
RFID tags in the table have a lower value of spatial efficiency
(ranging from1.2 to 0.02).

Moreover, in comparison with the spatial efficiency in
term of bits per λ2c , which is the number of bits per
square of the shortest wavelength in cm, the Polarization-
Frequency [23], [24] and Resonance depth- frequency [36],
andBWdivision [33] techniqueswith 3.4, 2.5, 2.13, and 2 bits
per λ2c(in cm

2) respectively had the highest spatial efficiency.
The next efficient encoding techniques were Frequency-
phase [17] and Dual-band, polarization diversity-frequency
division technique by authors with 1.43 and 0.486 spatial
efficiency respectively.

As a conclusion, the proposed structure in this paper has
a high number of bit per resonator as compared to the other
reported tags in Table 1. In addition, this one-resonator-tag
occupied 600 MHz in the first band and 1200MHz in the
second band. In the case of increasing the number of virtual
resonators, the spatial efficiency can increase significantly.
For instance, having two virtual resonators that can produce

67424 VOLUME 6, 2018



F. Babaeian, N. C. Karmakar: Hybrid Chipless RFID Tags–Pathway to EPC Global Standard

10 bits of data based on the proposed three-dimensional
encoding technique, and considering one additional bit for
selection of the physical resonator, 11 bits of data per res-
onator can be achieved.

IV. CONCLUSIONS
In this paper, a summary of recent research on the improve-
ment of hybrid chipless RFID was provided. Since hybrid
chipless RFID is a new technique in chipless RFID field, only
a few works were reported. All reported encoding techniques
were based on only two dimensions which are frequency
and polarisation. Although these approaches have increased
encoding data capacity in a compact size as compared to one-
dimensional chipless RFID tags, they have limitations in data
capacity per element, tag detection algorithm, and reading
range. These are significant challenges in practical appli-
cations. Therefore, a novel hybrid chipless RFID tag with
higher encoding data capacity is required. Three dimensions
of encoding can increase the data capacity, and reduce the size
of the tag significantly.

Moreover, in order to utilise a hybrid chipless RFID tag
for industrial application, besides the data capacity, the design
should fulfil other specifications such as efficient data decod-
ing techniques, and frequency reuse using diversity tech-
niques. Therefore, a three-dimensional encoding technique
was proposed in this paper, which has paved the way forward
to the EPC Global standard for chipless RFID systems. In the
proposed tag, utilising polarisation diversity of a dual-band
resonator and applying a frequency division technique could
increase the data capacity to at least 9 bits per resonator.
Furthermore, the high level of RCS for this tag could enhance
the reading range. The results of the measurement of the
proposed tag agreed with the simulation result, which showed
the excellent performance of this structure.
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