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Electronically Rewritable Chipless RFID Tags

Fabricated Through Thermal Transfer Printing
on Flexible PET Substrates

M. P. Jayakrishnan, Sergio Lopez-Soriano, Arnaud Vena, Brice Sorli, Ira Susanti, and Etienne Perret,
Senior Member, IEEE

Abstract—We present an electronically rewritable chipless
RFID tag based on integrated non-volatile CBRAM RF switches.
Conductive Bridging Random Access Memory (CBRAM) is a
non-volatile memory technology, which is identified as an
innovative RF switching solution in this decade. Reconfigurable
resonator or RF encoding particle (REP) used in this tag is a
closed loop resonator integrated with two switches each to tune
its electrical length, and encodes 3 states each, to represent more
than one bit per REP. Presented tag is composed of three such
REPs to represent a total of 27 unique states. This chipless RFID
tag with CBRAM switches could be written/rewritten
electronically using DC voltage pulses, to encode a desired code
from a given combination. Thermal impression transfer printing
is utilized for printing metallic layers of the presented chipless
tag. Complete fabrication steps of presented tag with integrated
CBRAM switches are carried out without any ‘clean room’
processes. An insight to working mechanism of presented
rewritable REPs using electrical models is included in this paper.
Proof of concept of a potential hybrid data encoding technique
combining frequency shift coding and RCS magnitude level
coding, through experimental studies, for presented REPs, is also
given herewith.

Index Terms — Chipless RFID, Conductive Bridging Random
Access Memory (CBRAM), Electronically Rewritable Chipless
RFID, Metal Insulator Metal (MIM) Switches, Printing,
Rewritable Chipless RFID, Thermal Transfer Printing

1. INTRODUCTION

Chipless RFID technology using multiple RF scatterers is a
recent innovation in the RFID mainstream. Generally a
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multiple scatterer based chipless RFID tag is composed of a
group of narrow band metallic resonators (also known as RF-
encoding particles or REP). These REPs function at the same
time as data encoding scheme and also as receiving and
backscattering antennas [1]-[5]. Data is encoded in these
REPs in form of narrow band resonances, or group-delay
variations, or phase encryption, at certain predefined values, in
a given bandwidth, subdivided into certain windows to
represent the bit pattern [2], [6], [7]. Chipless RFID tags based
on multi-scatter REPs are often referred to as RF barcodes [4],
[8], due to their similarity in appearance, and operation, in
comparison to optical barcode technology, even though the
operating wavelength and data encoding techniques are
different.
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Fig. 1. Roll to roll process for manufacture of electronically rewritable
chipless RFID tags, similar to as reported in this article. Write/rewrite stage
maybe excluded to manufacture blank tags, which could be field programmed
by a customer at the time of application.

Chipless RFID technology has much more to offer in
contrast to optical barcode system, including features like non
optical line of sight reading, sensor integration capability,
electronic rewriteablity and so on [9]-[12].

Electronic rewriteablity gives a great deal of advantages to
chipless RFID including, manufacturing cost reduction
enabling fabrication of blank tags in bulk, tag reuse, ease of
application as each tag could be field programmed, and so on.
However, until now this functionality is not yet demonstrated
in an inventive approach compatible with mass production,
and hence is a primary objective of this article. With such an
innovation, one could fill the technology gap among chipless
RFID and conventional RFID with semiconductor chip, to
some extent as shown in Fig. 1. As indicated above, in Fig. 1 a
genre of chipless RFID tags could be manufactured as a single
copy tag, through a roll to roll process and then either
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written/rewritten using a similar process, or retained as a raw
tag to be later written or rewritten by a customer using a
mobile programmer (similar to a credit card reader), at the
time of application.

Electronic rewriteablity of multiple REP based chipless
RFID tags primarily depends on modifying the encoding
parameter (resonance frequency, phase, or group delay) of
each REPs. Among these, the mostly utilized parameter is
resonance frequency captured in form of Radar Cross Section
(RCS), due to its simplicity in detection and stability with
different detection platforms and reading distance, with
minimum pre-calibration. In addition, RCS response of a
particular tag captured using any reader system with a desired
accuracy is expected to produce a unique response. Resonance
frequency of a REP could be tuned by modifying the resonant
electrical length, and this is one of the most popular data
encoding strategies reported [1]-[3], [5], [13].

Many articles on reconfigurable chipless RFID describes
the use of several techniques like inkjet printing, laser cutting,
micromachining etc., to tune the electrical length of a REP to
achieve a desired frequency of resonance [2], [6], [14], [15].
However, most of these techniques are only irreversible
mechanical configurations, or write only mechanism.

As an improvement to this, recently we have reported the
usage of solid state non-volatle CBRAM switching
technology [21], [22] for fully passive electronically
rewritable chipless RFID tags [11], [16] with simple
fabrication techniques. These works are a proof of concept of
application of non-volatile CBRAM switches for fully passive
electronically reconfigurable REPs for chipless RFID tags on
rigid/flexible substrates.

In this article for the first time, we present the design,
fabrication, and experimental validation of fully passive fully
printed electronically rewritable chipless RFID tags based on
non-volatile CBRAM RF switching technology on flexible
Polyethylene terephthalate (PET) substrates. These tags are
composed of rewritable loop resonators that encodes more
than one bit per REP, in contrast to previous realizations. We
introduce a new additive manufacturing technique based on
thermal transfer printing (compatible with roll to roll industrial
processes for mass production), for realization of
electronically rewritable chipless RFID tags with integrated
CBRAM switches, on flexible substrates, and notably without
involving any ‘clean room’ techniques.

In addition an investigation on the concept of a novel hybrid
data encoding technique based on filament resistance control
of integrated CBRAM switches is presented through
experimental results. We also present detailed analysis and
discussions, related to techniques, material optimization, and
characteristics of presented devices.

A notable difference with presented approach in comparison
to classic techniques of mechanical/printed irreversible
configurability, other than the rapid realization through
proposed printing technique compatible with roll to roll
process, is as follows.

In classic approaches of chipless RFID tags as indicated
above, each REP of definite geometry present on a tag is

capable of representing only one state or code. With this
approach it is very tedious and time consuming to optimize or
realize a tag for a given code (in a group of possible
combinations) through full wave electromagnetic simulations.
Electromagnetic simulations of this sort for each and every
code in a given group (even if the desired code length is not so
large ~ 10 bits), should take care of all possible bottlenecked
challenges as explained. These include, coupling between
REPs, optimizing a desired resonance in a given frequency
margin taking into consideration all related fabrication
tolerances, maintaining the desired quality factor, and similar.
This is for all combinations (1024 runs for 10 bits), and could
be exhaustingly time and resource consuming. It means that
most of the tags would be realized without any full wave
electromagnetic simulations.

However, an evident advantage with the presented
technique of electronically rewritable REPs with switches is
that, each REP represents more than one code and could be
operated electronically. In addition, the electromagnetic (RCS)
response of all possible combinations of a tag (with a given
number of REPs) could be computed analytically or
numerically. This is by using a simple electrical model, similar
to as presented in the following section III.B of this article.
This could lead to fast and efficient design optimizations,
saving ample time invested on full wave electromagnetic
simulations.

II. CBRAM SWITCH TECHNOLOGY

CBRAM is a non-volatile memory technology reported
around 1996 from the Arizona State University and was
initially called a Programmable Metallization Cell (PMC)
[17]. CBRAM was initially proposed as a non-volatile
memory technology, which is so competent to be introduced
as a commercial memory [18] and technically proficient
enough to invite a prestigious DARPA grant [19] of the US
government. In addition, it was later identified as a suitable
candidate to be an efficient nano-metric non-volatile RF
switch [20]-[23].

In construction, a basic CBRAM cell is a sandwich
structure in which two electrochemically asymmetric metallic
electrodes interpose a ‘fast ion conductor’ layer (which is also
an electronic insulator) as shown in Fig. 2. This forms a
structure very similar to a parallel plate capacitor.

Here, one of the electrodes is an electrochemically active
metal, which could be easily oxidized on application of an
electric field, to liberate positive ions, like silver and copper.
The other electrode is a relatively electrochemically inert ion-
acceptor like aluminum, gold, platinum, tungsten, or similar
[17], [24]. Suitable materials for ion conductor application
include, oxidizable metal doped chalcogenide glass [17], [21],
ion conducting and metal doped polymers [25]-[27],
semiconductor oxides [23], [28], and even nano metrically
spaced air gaps [22]. CBRAM switches are also called Metal-
Insulator-Metal (MIM) switches with reference to their layer
structure.

Working principle of a CBRAM cell could be explained as
follows with tight reference to the structure shown in Fig. 2.
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Initially, resistance across CBRAM cell is very high due to the
presence of ion conductor layer, which is also an electronic
insulator. However, a sufficiently high electric field applied to
the CBRAM cell, which is positive with respect to the active
electrode would initiate a redox mechanism. Upon this the
active electrode is oxidized to liberate metallic ions. These
ions move through the ion conductor under influence of
applied electric field to reach the inert electrode and to get
reduced to metallic atoms, and attach there.
Reduction

Inert
Electrode

Ion
Conductor

Active
Electrode

Oxydation

RMIM
l

© (d)
Reduction

Fig. 2. Basic layer architecture and working principle of CBRAM switches.
(a) CBRAM switch-cell structure. (b) Set (ON) process. (c) Reset (OFF)
process. (d) Electrical model.

This would lead to the formation of a dendrite shaped
metallic filament from inert electrode towards the active
electrode, as shown in Fig. 3 (Fig. 3 is an outcome of a control
experiment, using Nafion polymer as ion conductor, to
observe filament formations in copper/Nafion/aluminum
CBRAM cells [29]). With prolonged exposure of the cell to
above mentioned electric field, the metallic filament touches
the active electrode, thereby reducing net resistance across
CBRAM cell and establishing set (ON) state as shown in Fig.
2 (b) [28].

Conversely, an electric field of sufficient amplitude and
opposite polarity with respect to the set (ON) state would
reverse the redox mechanism direction. This would lead to
oxidation of the metallic filament attached to inert electrode,
leading to liberation of ions that move towards the active
electrode and get reduced there. Resulting in rupture of the
metallic filament and considerably increasing impedance
across the cell leading to establishment of reset (OFF) state as
shown in Fig. 2 (c) [28]. A prolonged exposure of the cell to
reset electric field would lead to a complete dissolution of the
filament.

Generally, an electric field is applied to a CBRAM cell is

with the help of a DC voltage applied across it as shown in
Fig. 2. Set (ON) and reset (OFF) states thus formed are non-
volatile, meaning they do not require any power supply to
maintain an impedance state, and a power supply is required
only to change an impedance state whenever desired.

A simple electrical equivalent model of such a CBRAM
switch is very similar to an RC parallel network as shown in
Fig. 2. (d), whose resistance Ry, is equal to measured
filament resistance across the switch, and capacitance Cy;, is
equal to parallel plate capacitance calculated with respect to
electrode cross section area, thickness of ion-conductor and its
dielectric properties [11], [22], [27].

Start of Filament
Formation

Aluminum
(Inert

(Active Electrode) Electrode)

End of Filament
Formation

Aluminum
« (Imert
Electrode)

Nafion (Transparent and
presnet everywhere among
this boundary) Aluminum
(Inmert

Electrode)

Switch Gap 100 pm'— (c)

Fig. 3. Observation of filament formation in a CBRAM cell with
copper/Nafion/aluminum switch layers on glass substrate [29]. (View: back
side view on a glass substrate captured through an optical transmission
microscope.) (a) Start of filament formation. (b) End of filament formation.
(c) Sketch of CBRAM cell geometry, used in this experiment.

Polymer ion conductors like Nafion facilitates realization of
CBRAM switches, and electronically reconfigurable RF
devices with integrated CBRAM switches in an ambient lab
environment outside ‘clean room’ conditions [11], [16], [27],
[30]. Nafion is a flexible ionomer or ion conductor, whose
layers could be easily formed by spin coating Nafion resin
solution on most substrates. These layers could be air dried in
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ambient environment without the requirements of any high
temperature or vacuum based processes as for the inorganic
ion conductors discussed above. The optimized process for
realization of Nafion based CBRAM RF switches are reported
in [27] and [16] for rigid (like FR-4 Epoxy) as well as flexible
substrates (like paper) respectively.

A group of CBRAM cells, fabricated on a classic copper
cladded FR-4 epoxy substrate, finally with
copper/Nafion/aluminum layers are depicted in Fig. 4.

Aluminum
Nafion

Copper
Substrate

Cross Section View

Fig. 4. Photograph of copper/Nafion/aluminum based CBRAM cells
fabricated on FR-4 epoxy substrate, with inset showing the cross section view
of material layers present. Please note that the Nafion layer is not visible on
the photograph due to its transparency.

These cells are fabricated using a simple and optimized
process reported in [26], explained as follows. Initially, the
copper surface (~35 pum thick) is cleaned using acetone to
remove any impurities, and then Nafion resin solution [31] is
spin coated everywhere at a preset rate for a given thickness
(explained in following section II.A in detail). Next, button
shaped aluminum layer depositions with thickness of the order
of 500 nm to 1 um (as shown in Fig. 4) is done through
thermal vapor deposition technique, using a dedicated nickel
mask, with engraved apertures having dimensions of
aluminum buttons, to complete the process. Here copper and
aluminum are respectively the active and inert electrodes.

A. Experiment on Optimization of Nafion Layer Thickness for
CBRAM RF Applications

In this section, we present the details of optimization of
material properties of copper/Nafion/aluminum CBRAM
switch for RF applications. In this study it is important to
optimize material properties of a CBRAM switching cell to
operate at considerably low resistances (~ < 10 Q) in set (ON)
state and considerably high resistances (greater than few kQ)
in reset (OFF) states for good RF transmission and isolation
performances. However, for memory applications (which is
the parent field of CBRAM technology) only a considerable
distinction between the states are acceptable (kQ and MQ) in
most cases [32]. One of the critical factors that determine
these resistance states is the ion conductor layer. As explained
above, in this study, layers of ion conductor (Nafion) are
formed through spin coating, and it is necessary to optimize a
layer thickness of Nafion for obtaining a good level of set
(ON) and reset (OFF) state impedances. In this aspect, here we
present some brief and relevant results of a basic experiment,
to optimize the thickness of Nafion layer. Fig. 5 presents a few
switching cycles of CBRAM cells as in Fig. 4, for different

thickness of Nafion layers. DC pulses as reported in [16], [27]
are utilized for operating the CBRAM switches in this
experiment.

The chosen layer thicknesses of Nafion for this experiment
are respectively 1400 nm and 600 nm. As indicated above, a
commercial Nafion resin solution [31], is spin coated at a rate
of 500 RPM for 30 s and then dried on a hot plate at 45°C for
60 s to achieve a layer thickness of 600 nm. This process is
repeated, one on top of each layer for three times to achieve a
layer thickness of 1400 nm. Layer thicknesses are then
confirmed to be as expected using a Dektak 150 mechanical
profilometer to ensure quality of samples. This process is
optimized through several trial and errors and is reported in
[27].

10

{

| =—Nafion 600nm_Set —+—Nafion 1400nm_Set
—=—Nafion 600nm_Reset —+Nafion 1400nm_Reset

Ottt 0

Resistance: Log ! 0(Q)
(=)}
}

——o—o0

0 ! 1 1 I i 1 1 | | Il i 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26
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Fig. 5. Typical 25 switching cycles of copper/Nafion/aluminum CBRAM
switches similar to as shown in Fig. 4 for different layer thickness of ion-
conductor (Nafion).

From Fig. 5, one could see the importance of optimization
of ion-conductor layer thickness. CBRAM cells with 1400 nm
layer of Nafion are seen to exhibit impedance of the order of >
500 Q and 60 MQ respectively for set (ON) and reset (OFF)
states, which are not usable (due to higher ON state
resistances) for a classic RF switching application.

However in contrast to this, CBRAM cells with 600 nm
layer of Nafion are seen to exhibit impedances of the order of
~ 4 Q and 1 MQ respectively for set (ON) and reset (OFF)
sates. These impedance values are more considerable for RF
switching applications, and hence, a layer thickness of 600 nm
for ion-conductor layer is adopted throughout in this study. It
is obvious that further lower layer thicknesses would provide
better low impedances in set (ON) states, but are however not
attempted in this optimization, to limit the possible high OFF
(reset) state capacitances, and quick dielectric breakdown of
the switches.

CBRAM switches fabricated using similar techniques in our
group are seen to be functional even after 2300 cycles of
operations [26]. This is considered to be a good value for such
crude fabrication techniques, in this infancy state, and notably
without utilizing any clean room facilities. CBRAM switches
fabricated using this technique is also seen to exhibit a
considerable stability of achieved impedance states of more
than 1000 minutes as reported in [30].
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III. DESIGN OF ELECTRONICALLY REWRITABLE CHIPLESS
RFID TAGS

In this section, we present the design of an electronically
rewritable resonator for chipless RFID applications, and the
proposed realization technique for fabrication of a fully
printed electronically rewritable chipless RFID tag based on
three such resonator structures, on flexible PET laminates.

A. Rewritable Resonator Design

REP for the proposed electronically rewritable chipless
RFID tag is inspired from a simple closed loop resonator [33],
and is integrated with two CBRAM RF switches by adapting
the geometry. Fig. 6 shows the topology of a single rewritable
REP with two integrated CBRAM switches. Geometric
dimensions of this resonator are given in Table 1.

CBRAM switches are integrated into this design by
sandwiching a 600 nm layer of Nafion among the trace width
marked by W1 and W2 as shown in cross section view in Fig.
6. Polyethylene terephthalate (PET) with a layer thickness of

50 pm is chosen as the substrate for this design.
L6 L7 L2 x L7 L6

L5
L4

L3

I ]

I L1 X !
I Aluminum (200 nm) E
Nafion (600 nm)
Incident and Backscatter
[ Copper (300 nm) Polarization Y
[ Substrate (50 pm) - E Zg—)}(
wi Switch Area

=

(b)

Fig. 6. Geometry of proposed electronically reconfigurable loop resonator
with integrated CBRAM switches. Inset (a) in green border shows zoomed
view of integrated CBRAM switch and its cross section view. Inset (b) in
green border shows the schematic view of connection of integrated CBRAM
switches to the loop resonator. (All layer thicknesses are indicated in legends.
Please note that this image is only a representative illustration and is not up to
scale of real model.)

In this section, full-wave electromagnetic simulation studies
of this resonator are presented. CST microwave studio is

Schematic view of rewritable loop resonator

utilized for modeling and simulation of the presented design.
An electromagnetic plane wave with incident polarization as
shown in Fig. 6 is used as excitation, and an RCS probe (an
inbuilt functionality of CST microwave studio) placed in far-
field of the model is used to obtain the backscatter response.
CBRAM switches in the design are modeled as their
respective electrical models (RC parallel networks as shown in
Fig. 2) and their values are chosen using knowledge from
previous realizations [11], [27], [30], and are given in Table 1.

This is done to lower the simulation time, by avoiding very
fine mesh cell size for modeling naturally thin switch layers.
Metallic layers in the design are modeled using ‘ohmic sheet’
option available with CST Microwave Studio. Sheet
resistances obtained in experiments are used with this model
(0.379 Q/sq, and 0.505 Q/sq respectively for copper and
aluminum). Such thin metallic layers of the order of 200 nm
and 300 nm for aluminum and copper respectively, are used in
the design, is due to the characteristics of chosen fabrication
process (thermal transfer printing) explained in following
section III.C.

TABLE 1
DIMENSIONS OF ELECTRONICALLY REWRITABLE LOOP RESONATOR IN FIG. 6.
Parameter Value Parameter Value
L1 74 mm L7 2.9 mm
L2 60 mm L8 3 mm
L3 4.5 mm Wi 0.2 mm
L4 1 mm w2 0.2 mm
L5 3 mm W3 3 mm
L6 4.15 mm Ruviv (ON/Set) 1Qto10Q
Rvv (OFF/Reset) | 100 kQ to 1 MQ Cymmm 1.5pF to 1.8 pF

Presented loop resonator is capable of resonating at three
different frequencies and encodes three states or codes as
shown in Fig. 7 depending on ON/OFF (set/reset) state of the
integrated switches. These states are, code 0 with resonance at
2.04 GHz, when both switches S1 and S2 are in high
impedance, or OFF (reset) states. Code 1, whose resonance is
at 1.94 GHz, when S1 is ON (set) and S2 is OFF (reset), or
vice versa, due to symmetry of loop along the center (X" — X")
as shown in Fig. 6. And code 2, with resonance at 1.82 GHz,
when both S1 and S2 are in ON (set) state.

-35

40| —

45}
£
&850 | —
4.
G55t 1
=

-60 --S1-OFF, S2-OFF (Code 0)

- ~-S1-OFF, S2-ON (Code 1)
K ==S1-ON, S2-OFF (Code 1)
~+-S1-ON, $2-ON (Code 2)

1 1.15 1.3 145 1.6 1.75 1.9 2.05 2.2 2.35 2.5
Frequency GHz

Fig. 7. Simulated (full wave) RCS backscatter magnitude of electronically
rewritable loop resonator in Fig. 6 with dimensions in Table 1 for different
switch configurations of integrated CBRAM switch.

Proposed REP exhibits a surface current pattern across the
perimeter of the loop, similar to a full wavelength resonance,
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for each switch combination, in simulation studies (full wave)
at their respective resonance frequencies, as shown in Fig. 8,
for all possible switch combinations. The surface current
pattern at all resonance frequencies are similar since the
integrated CBRAM switch tunes the electrical length of the
corresponding loop forcing it to resonate at the corresponding
frequencies indicated above. The working mechanism of this
electronically rewritable loop resonator is explained in detail
in section III.B. Electrical Equivalent Modeling.

Switch 1 Switc‘l}z

0.03

0.016

0.012

0.008

0.004

Y

f 74 mm ()

Fig. 8. Surface current patterns of proposed electronically rewritable loop
resonator at their respective resonance frequencies for all possible switch
combinations. (a) State 0 — 2.04 GHz. (b) State 1 — 1.94 GHz. (¢) State 2 —
1.82 GHz.

Observed characteristics of the proposed resonator

explained above are a considerable enhancement in
comparison to our previous studies [11], [16]. In which one
resonator could represent only one bit or two states, whereas
in this case it is more than one bit with three states per REP.

Moreover, the chosen resonator design (loop resonator) is
apparently acknowledged to provide a higher RCS level than a
‘C’ like structure (used in our previous design [11], [16])
operating at the same resonance frequencies [1], [33]. This is a
remarkable and greatly desired improvement, which makes the
proposed design more compatible with low metallic layer
thicknesses and higher sheet resistivity, which is however a
limiting characteristic, at least for the mean time, with the
chosen fabrication technique for this realization, which is
explained in section II1.C.

Next, we present the geometry of an electronically
rewritable chipless RFID tag, that consist of three loop
resonators as discussed above, having different lengths to
resonate at different frequencies, and is shown in Fig. 9.

Dimensions of this design are summarized on Table 2.
TABLE 2
DIMENSIONS OF ELECTRONICALLY REWRITABLE CHIPLESS RFID TAG SHOWN
IN FIG. 9 (PHOTOGRAPH OF FABRICATED TAG IS GIVEN IN FIG. 13).

Parameters Loop 1 Loop 2 Loop 3
L1 74 mm 52.76 mm 44 mm
L2 60 mm 38.77 mm 30 mm
Parameter Value Parameter Value
D 10 mm Ls 100 mm
Ws 85 mm
All other dimensions are same as given in Fig. 6 and Table 1.

This particular tag with three rewritable loops could
represent a total of 27 coded states depending on chosen
switch combination (ON/OFF) of each resonator. Simulated
(full wave) RCS backscatter response of this model is depicted

in Fig. 10, for some selected states of switch combinations of
integrated CBRAM switches. All 27 states follow these typical
bandwidth and RCS magnitude characteristics, and are
however omitted from this plot to keep it concise.

Loop 3

D Loop 2

= Substrate - PET
Thickness - 50 um

=

=

=S
=

Ls

Fig. 9. Geometry of proposed electronically rewritable chipless RFID tag with
integrated CBRAM switches.
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Fig. 10. Simulated (full wave) RCS backscatter response of proposed
electronically rewritable chipless RFID tag in Fig. 9, for some selected switch
combinations of integrated CBRAM switches. The code state represents
switch states of REPs in the order of Loop 1, 2 and 3 respectively.

B. Electrical Equivalent Modeling

In this section a simple electrical equivalent model of
proposed electronically rewritable chipless RFID tag is
presented. This model explains the functioning of integrated
CBRAM switch in the presented electronically rewritable
chipless RFID tag.

It is well known that the RCS backscatter response of a
multi scatterer based chipless RFID tag, is an interference
pattern, of two principle modes of scattering called the
structural mode and antenna mode [34] in time domain.
Structural mode response is a wide band resonant response as
an effect of immediate backscatter of incident signal from
reflective parts of the tag similar to an optical reflection, and
antenna mode is a sum of time cleaved and narrow band
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resonant response of each resonator present on the tag. With
respect to this analogy an electrical model of a multi scatterer
based chipless RFID tag could be approximated with a group
of RLC serial resonant circuits operating in parallel and
excited with appropriated signal magnitudes and phase,
respectively for the structural mode of whole of the tag, and
antenna mode of each individual resonator present on the tag
(1], [35].

In the presented case of rewritable chipless RFID tag with
loop resonators with integrated CBRAM switches in Fig. 9,
the electrical model could be approximated as shown in Fig.
11. Here the electrical model of each CBRAM switch (which
is an RC parallel network as explained in section II with
reference to Fig. 2), which is in series with the perimeter of
loop resonators in the physical model (as shown in Fig. 6), is
added in series with the antenna mode RLC network, for each
corresponding loop resonator present on the tag. Resistance
values of CBRAM cell's electrical model are chosen from the
experimentally obtained filament resistance values for
corresponding ON and OFF states. The capacitance values in
this electrical model are evaluated from the physical model of
CBRAM cells, based on calculated parallel plate capacitance
values, from the cross section area of electrodes, thickness of
Nafion (ion-conductor) and its dielectric properties [36]. Other
component values are chosen based on simple equations of
electrical engineering defining RLC series resonances, based
on resonance frequency values obtained in full-wave
electromagnetic simulation, and are then optimized
accordingly to match the simulation results. This model is thus
refined using PSpice circuit simulator to best fit the full-wave
electromagnetic simulation response.
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Fig. 11. Electrical equivalent model of proposed electronically rewritable
chipless RFID tag.

Component parameter values of this electrical model are
depicted in Table 3. Results of this electrical model for two of
the states (these two states are randomly picked and other
results are omitted to maintain brevity) are depicted in Fig. 12

along with simulation (full wave) results for comparison. One
could observe in Fig. 12 that results of electrical model are in
good agreement with the full wave simulation results (the
results for other combinations which are not presented
herewith, also maintains a similar tight agreement), and this

validates the accuracy of proposed model.
TABLE 3
COMPONENT PARAMETER VALUES OF ELECTRICAL EQUIVALENT MODEL
DEPICTED IN FIG. 11.

Parameter Value Parameters Value
R 15Q Rvivz 1 1Q/1MQ*
Ry 16 Q Rvimez 2 1Q/1MQ*
Rz 18Q Rvivs 1 1Q/1MQ*
Ris 20Q Rumivs 2 1Q/1MQ*
Ls 0.03nH Cumimi 1 1.6 pF
Lu 38 nH Cyvimvi 2 1.6 pF
Li 282 nH Crvivez 1 1.55 pF
Lis 25nH Cyvivz 2 1.55 pF
C, 0.01 pF Cans 1 1.55 pF
Cu 0.2 pF Crnvs 2 1.55 pF
Cp 0.15 pF Vs 100 mV / 0°
(OF 0.12 pF Vi 1.5mV/0°
Rvimi 1 1Q/1MQ* | Vi, 2.5mV/0°
Ry 2 1Q/1MQ* | Vi 3mV/0°
* For ON (set) / OFF (reset) states respectively.

Working mechanism of the presented electronically

rewritable chipless RFID tag with CBRAM switches could be
explained as follows with reference to the proposed electrical
model in Fig. 11. For this (for simplicity) we consider only
one of the loop resonators present on the tag. Say for instance,
in loop 1, initially, that both the CBRAM switches are in ON
(set) state hence Rppq 1 and Rypyq » are at low resistance
state (~1 Q).
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Fig. 12. Response of simulated electrical model in Fig. 11 for presented
electronically rewritable chipless RFID tag along with simulated (full wave)
RCS backscatter response for comparison.

At this time the capacitance Cypypq 1 and Cypyq 2 has no
effect as it is bypassed by the corresponding resistance
Ryimi 1 0f Ry 2, which is similar to a short circuit, and
the resonance depends only on R;,, L;4, and C;; to represent
code 2. However, if a CBRAM switch (or both) is in OFF
(reset) state i.e. if Ryypq 1 OF Rpyymi o or both are in high
resistance state (~ 1 MQ), this is similar to an open circuit and

|RCS| dBsm (Simullation - Full Wave)
&
4

&
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adds the respective capacitance Cpypq 1, OF Cyyyy 2, OF both,
correspondingly in series to C;; thus reducing the net
capacitance of the resonant circuit, and forces it to resonate at
a higher frequency, to represent code 1 or 0 respectively. The
state symmetry when one of the switches is ON and other is
OFF and vice versa, as explained in section III.A applies also
to this circuit.

One should note that the presented electrical model is a
combined system that takes into consideration the
instantaneous state of integrated CBRAM switches on each
REPs based on its filament resistance, and the resonance
response of individual geometries, as well as the mutual
coupling among the resonators for the final tag design with
which the electrical model is optimized to a best fit. Hence, it
would be simple and straight forward to compensate mutual
coupling effect on a tag due to any re-arrangement of
resonators (REPs) with a small increment/decrement factor on
corresponding component values of each RLC networks
present  on  the electrical ~ model, for  each
addition/deletion/rearrangement/geometrical-modification  of
resonator elements on the electronically rewritable chipless
RFID tag, for a best fit of this model with experimentally
observed characteristics of the tag.

Moreover an interesting accomplishment with the presented
approach is that there are almost no requirements for re-
arrangement of position of REPs or modification of resonator
geometries for encoding a desired code from a given set of
possible combinations in contrast to classic mechanical
reconfiguration approaches (similar to as explained in the
Introduction section). Instead, one just needs to change the
impedance state of appropriate CBRAM switches on the
respective resonators, using appropriate DC pulses. Thus there
would be practically very less or no detuning related to mutual
coupling with the presented types of electronically rewritable
chipless RFID tags.

It is true that the presented model could only represent
principal harmonic mode of resonators present on the
proposed tag. Nevertheless, this is a very simple and effective
way to predict the behavior of a tag for a chosen combination
of CBRAM switches, and also to explain the working
mechanism of presented electronically rewritable chipless
RFID tag based on integrated CBRAM switches. In addition,
as indicated above in the introduction section, this model
could save an appreciable amount of time required with
lengthy full wave electromagnetic simulations to determine
behavior of all code states from a required number of
combinations desired for a tag application. In our approach,
one single design and two unique parameters (switch
resistance states - Ry, of each of two switches) are used to
control the electromagnetic signature (three resonance state
per resonator) of a given REP. Hence based on a simple
PSpice or electrical model (devised only one time for a genre
of proposed tags), one could easily compute all different
possible combinations just by changing the resistance values
of corresponding switches on each resonator. It means that a
similar model like in Fig. 11 and Table 3 has to be computed
only once and then all possible different combinations could

be computed by just changing the required parameters out of
N resistance values (N = 2 Ry per REP times number of
REP) present with the model. A simple numerical program
could be devised using this concept which could accept a
required tag ID (or switch combinations) and generate the
corresponding RF signature (RCS response), using the PSpice
model. Thus with this approach, it is possible to accurately
compute RCS response for all or any of desired possible
combinations, of the tag using an optimized electrical model.

Only minimum full wave electromagnetic simulations to
define basic electromagnetic behavior of each resonator
present on the tag are required in such a case, so as to
accurately define the electrical model. This would be similar
to as given in Fig. 10 which shows all possible resonant states
of each resonator present on the proposed tag, however limited
to three (which is just the number of code states per resonator
used in this application) full wave electromagnetic simulation
runs.

A detailed study on boundary conditions and resonant
modes of loop resonators from which the presented resonators
are evolved, and their analysis based on RCS backscatter
response, through transmission line approach is reported in
[37]. In which loop resonators similar to as presented herewith
are considered as coplanar stripline (CPS) segments with short
circuit across both their ends. This is a simple analogy to
understand the resonant modes and boundary conditions of
presented loops as well. Such an analysis maybe adopted for
highly accurate modeling of presented -electronically
rewritable chipless RFID tags with loop resonators, for studies
related to higher order modes and coupling effects.

C. Fabrication Technique

In this section, we present the fabrication techniques for the
electronically rewritable chipless RFID tag discussed above.
Fig. 13 shows the photograph of realized tag with three
resonators.

Fig. 13. Potograph of fully printed electronically rewritable chipless RFID
tag with integrated CBRAM switches, on flexible PET substrate.
Metallic parts of the realized tag are fully printed, including
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one Nafion coating step. ZT610 industrial thermal transfer
printer [38] is utilized for this realization. Thermal transfer
printing of metallic traces is an emerging process in which a
group of heated pixel shaped pistons or print heads are used to
selectively transfer a given pattern from a pre-inked (or metal
coated) former to a substrate. Here we use a 4 inch wide sheet
of 50 um thick ordinary PET sheet as the substrate and custom
supplied copper and aluminum thermal transfer ribbons for the
metal trace. Initially one of the electrodes (copper or
aluminum) is printed like in an ordinary printer from an actual
scale PDF file. Then the reference position for next layer print
is marked on the PET reel, and this trace is spin coated with
Nafion resin solution as in [27] to obtain a layer thickness of
around 600 nm, optimized for a good ON/OFF (set/reset)
impedance. After this step, the PET sheet is loaded back to the
printer at the predefined reference position and the opposite
electrode (aluminum or copper correspondingly) is printed to
complete the fabrication process. The printed tags are then
inspected under an optical microscope for any possible defects
and are then retained for experimental studies.

Metallic trace thicknesses on the printed tags were
measured using Dektak-150 mechanical profilometer and were
found to be around 200 nm for aluminum and 300 nm for
copper. Sheet resistances of the printed copper and aluminum
samples are measured to be respectively, 0.379 Q/sq, and
0.505 Q/sq.

As indicated above in section II, the integrated CBRAM
switches in the proposed tag are operated using DC pulses as
reported in [16], [27]. These pulses are applied to the switches
by attaching ordinary ohmic contact probes (custom made
using conducting wires) to adjacent metallic parts (appropriate
electrodes). However, as the chosen structure of utilized REP
is that of a closed loop, to avoid a potential short circuit, there
would have been a requirement of DC blocking capacitors,
either as a lumped element or as a distributed element on the
traces to operate one switch, when the other is in a low
impedance state (ON) to avoid a potential short circuit of
applied DC pulses. Fortunately, since the chosen structure is a
closed loop that resonates at full wavelength mode, a minute
cut of micrometer dimensions is made using a sharp scalpel,
on one of the loop lengths L1 or L2 along the axis of
symmetry as indicated in Fig. 6 (X" — X”’). This enables one to
program the CBRAM switches individually without causing a
short circuit at DC. Presence of a current null at this point as
indicated in Fig. 8 prevents any disturbance to the expected
RF performance, with this technique.

IV. RESULTS AND DISCUSSIONS

A. Experimental Observations

Experiments to obtain RCS backscatter response of
fabricated tags were done using Keysight N5222A Network
Analyzer in bistatic setup using the calibration and data
processing reported in [6]. Two open boundary quad ridged
horn antennas (0.8 — 12 GHz) operating in co-polarization to
each other, and also to the tag (see Fig. 6 for polarization of
tag), are used to interrogate and receive backscatter from the

tag. This entire experimental setup is constituted in a semi
anechoic environment whose photograph is given in Fig. 14.
As mentioned above this tag with three resonators, with two
CBRAM switches each is capable of representing 27 distinct
states, depending on the ON/OFF state of each switch. Table 4
summarizes the total number of possible coded states obtained
with the realized rewritable chipless RFID tag, respectively for
each switch combination state, in experiment. Experimentally
obtained RCS backscatter response for some selected codes
are given in Fig. 15. All possible combinations are obtained
affirmatively in experiment as summarized on Table 4, but are
omitted from this plot to maintain brevity.

—

"Receiver Antenna

Foam Support

Transmitter Antenna

Fig. 14. Photograph of experimental setup used to capture the RCS
backscatter response of presented electronically rewritable chipless RFID tag.
(Network analyzer used is not visible in the photograph and is connected
using appropriate RF transmission cables to the antennas.)
TABLE 4
FREQUENCY OF RESONANCES OBSERVED IN EXPERIMENTALLY CAPTURED RCS
BACKSCATTER RESPONSE OF ELECTRONICALLY REWRITABLE CHIPLESS RFID
TAG IN FIG. 13 FOR ALL POSSIBLE SWITCH COMBINATIONS (CODES).

State Code Resonance
Number (In order of Loop 1, 2 and 3) Frequencies (GHz)
1 000 2.002,2.668, 3.154
2 001 1.988,2.670,3.038
3 002 2.002,2.670,2.926
4 010 1.988, 2.562,3.152
5 011 1.988,2.562,3.044
6 012 1.988,2.562,2.926
7 020 1.988,2.472,3.150
8 021 1.988,2.472,3.034
9 022 1.986, 2.470, ,2.926
10 100 1.908,2.672,3.150
11 101 1.911,2.670,3.038
12 102 1.911,2.670,2.926
13 110 1.918,2.562,3.150
14 111 1.906, 2.562, 3.040
15 112 1.911,2.562,2.926
16 120 1.911,2.465,3.149
17 121 1.914,2.470,3.038
18 122 1.910, 2.466,2.926
19 200 1.820,2.672,3.152
20 201 1.820,2.670,3.038
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21 202 1.822,2.672,2.930
22 210 1.820,2.562, 3.149
23 211 1.820,2.562, 3.038
24 212 1.820,2.562,2.926
25 220 1.818,2.450, 3.138
26 221 1.826,2.472,3.036
27 222 1.814,2.452,2.926
Code combinations for each resonator based on switch 1 and 2 ON/OFF
state (Ref. Fig. 6). Code 0 — (OFF OFF), Code 1 — (ON OFF, or OFF ON),
Code 2 — (ON ON), for each loop (REP).

Overall size of presented electronically rewritable chipless
RFID tag could be further reduced from the presented
dimensions by employing resonators of smaller physical size,
and resonating at a half or quarter wavelength current pattern
in comparison to presented full wavelength loop resonators.
On the other hand, the choice of loop resonators in the
presented realization is to ensure adequate RCS magnitude
level even with lower layer thicknesses and higher sheet
resistances of printed metallic layers, achievable at present
through the chosen thermal transfer prlntlng process.
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Fig. 15. Experimentally obtained RCS backscatter response of electronically
rewritable chipless RFID tag presented in Fig. 13 for different switch
combinations. (a) States 1,5,18,27. (b) States 8,10,14,21.

The currently available metallic thickness of 200 and 300

nm for aluminum and copper respectively, with the current
fabrication/printing process (thermal transfer printing) used to
realize the presented tag is well lower than the skin depth for
copper (1.43 pm) and aluminum (1.83 pum) at the operating
frequency (1.7 — 3.2 GHz) of the tag. It is apparent from the
experimentally obtained and simulated RCS magnitude levels
of the presented rewritable chipless RFID tag, that a lower
level of RCS magnitude values are obtained, in comparison to
similar design with adequate thickness and conductivities for
metal layers [6], [33]. This is due to the effect of below skin
depth thicknesses, and observed higher sheet resistances (as
indicated above in section III.C.), of printed metallic layers.
An enhancement of 15 to 20 dBsm in RCS peak magnitude
levels are observed with the same electronically
reconfigurable loop resonator geometries, but with adequate
metallic thickness and sheet resistance similar to bulk metals
(copper and aluminum correspondingly), in simulation studies.
This plot is however omitted from herewith to keep the article
concise.

Nevertheless, it is clear from Fig. 15 (a) and (b), that the
presented tag exhibit distinct and readable RCS backscatter
response for different switch combinations both in terms of
operating frequency and magnitude, thus affirmatively proving
feasibility of proposed idea, and chosen realization technique
compatible with mass production through an industrial roll to
roll process.

Detailed studies on techniques to improve the thickness and
conductivity properties of printed metallic layers are in
progress with the authors, with favorable outcomes, and are
expected to deliver better performing electronically rewritable
chipless RFID tags and RF/microwave devices, and are
expected to be published in open literature in near future.

Maximum deviation of resonance frequencies, and obtained
quality factor based on 3dB bandwidth for each loop resonator
present on the tag for all codes (switch combinations) are
given in Table 5 for immediate information to the readers on
the performance of presented electronically rewritable chipless
RFID tag. The maximum deviation presented herewith is the
maximum range of swing of resonance frequencies observed
for each REP in the entire experiment, based on data given in

Table 4.
TABLE 5
MAXIMUM DEVIATION IN RESONANCE FREQUENCY, AND QUALITY FACTORS OF
EACH RESONATOR, PRESENT ON THE ELECTRONICALLY RECONFIGURABLE
CHIPLESS RFID TAG, FOR ALL SWITCH STATES.

Maximum Deviation in Resonance Frequency

Code 0 Code 1 Code 2
Loopl |16 MHz(+ 8 MHz)| 8 MHz (+4 MHz) | 12 MHz (+ 6 MHz)
Loop2 |4 MHz(+2 MHz) 0 MHz 22 MHz (+ 11 MHz)
Loop3 |16 MHz(+8 MHz)| 8 MHz (+ 4 MHz) | 4 MHz (+ 2 MHz)

+’ value in brackets indicates the variation from an avg. center frequency.
Bandwidth (3 dB) and Quality Factor: (Average Values)

Code 0 Code 1 Code 2
Loop 1 BW : 90 MHz BW : 158 MHz BW : 168 MHz
Q:22.22 Q:12.12 Q:10.77
Loop 2 BW : 126 MHz BW : 136 MHz BW : 146 MHz
Q:21.19 Q:18.83 Q:16.89
Loop 3 BW : 150 MHz BW : 176 MHz BW : 148 MHz
Q:21.04 Q:17.30 Q:19.72
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Next we present the response of electrical model given in
Fig. 11, for the realized electronically rewritable chipless
RFID tag. Fig. 16 depicts the response of optimized electrical
model of proposed chipless RFID tag along with
experimentally obtained RCS backscatter response for
comparison.

Parameter values for the proposed model remain essentially
the same as in Table 3, except some small differences in
component parametric values, summarized on Table 6. These
tiny variations in component parameter values could be
justified by the possible fabrication tolerances between
simulation model and experimental realization. Agreement
among results of electrical model and experimentally obtained
response once again validates the accuracy of proposed

electrical model.
TABLE 6
COMPONENT PARAMETER VALUES OF ELECTRICAL MODEL DEPICTED IN FIG.
11, OPTIMIZED FOR EXPERIMENTALLY REALIZED ELECTRONICALLY
REWRITABLE CHIPLESS RFID TAG IN FIG. 13.

Parameter Value Parameter Value
Ris 18Q Cmimi 2 1.8 pF
Lo 27.6 nH Cymivz 1 1.8 pF
Lis 24.7nH Cmimz 2 1.8 pF
Cymimi 1 1.8 pF
All other component parameters are same as in Table 3.
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Fig. 16. Response of simulated electrical model in Fig. 11 for presented
electronically rewritable chipless RFID tag in Fig. 13 along with
experimentally obtained RCS backscatter response for comparison.

B. Impedance Control of CBRAM Switches and their Effect
on RCS Backscatter Magnitude

One of an interesting question one could have now would
be the effect of filament resistance of CBRAM switches, on
the behavior of presented resonators. The following
experiment is designed to give an insight to this aspect.

Here to keep the number of uncertainties minimum, we
have used a loop resonator (REP) with only one CBRAM
switch as shown in Fig. 17, and this resonator is printed as
explained above.

In this experiment the integrated CBRAM switch is forced
to different impedance states, by adjusting the magnitude of
operating DC voltage pulses in a trial and error method to
achieve different resistance states as indicated in Fig. 18. In
this control experiment, in order to avoid the DC short-circuit

n
> N
Normalized Amplitude of Resonance

issue as explained in section III.C, a part of the metallic loop
is scratched using a sharp blade to make an open circuit and
then connected using a conducting copper tape, after
programing the CBRAM switch.

The obtained RCS backscatter responses which are an
outcome of this experiment, are given in Fig. 18, and show a
significant difference in corresponding RCS magnitude with
respect to different impedance states. In other words the RCS
resonance peaks are seen to be quantized to different
magnitude levels, with different filament resistance values of
integrated CBRAM switch. Such an interesting observation
could be creatively utilized for achieving a better coding
capacity of presented rewritable chipless RFID tags as

follows.
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I Ll 1
B Aluminum (200 nm) I Copper (300 nm)
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Fig. 17. Electronically reconfigurable loop resonator with one integrated
CBRAM switch.
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Fig. 18. Experimentally obtained RCS backscatter magnitude of electronically
reconfigurable resonator presented in Fig. 17 for different impedance values
of integrated CBRAM switch.

Classically, as this REP has just one integrated CBRAM
switch, it could basically operate only in two states, i.e. ON
(set) and OFF (reset) states. Here, one could observe that an
impedance level lower than around 21 Q forces the REP to
resonate in the so called ON state and impedance greater than
360 Q switches the resonance to OFF state. Furthermore, it is
observed that among these ON and OFF states it is possible to
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define different CBRAM filament resistance values and hence
represent different RCS magnitudes. These new RCS
magnitude levels could be used to define new code states and
effectively enhance coding capacity of tags utilizing these
REPs. For example in this presented case the resonator could
represent four states or 2 bits (which gives us two states in
addition to normally proposed two states or 1 bit for this REP
with one switch) considering the impedance values 10 Q, 15
Q, 21 Q, and > 360 Q. This represents a potentially new
hybrid coding technique, combining frequency shift coding [6]
and RCS magnitude level coding [39].

In addition, in aspects where necessary, an REP may be
disabled to represent an absence (which could also be
considered as a potential coded state). This could be achieved
by tuning impedance of the REP to represent an RCS level
below a certain preset threshold. Like the response of state
with 48 Q given in Fig. 18, which has a lower quality factor
resulting in difficulties to detect in comparison to other sharp
peaks.

Further detailed investigations on this idea of hybrid coding
based on impedance tuning of CBRAM switches is in progress
with the authors. The above experiment and its outcome is
given here as an immediate information of such a capability of
proposed resonator, to the readers.

V. CONCLUSION

In this article we have presented the main aspects of design
and realization of a fully printed fully passive electronically
rewritable chipless RFID tag, utilizing solid state non-volatile
CBRAM switching technology on PET substrates, through
thermal transfer printing techniques. We have affirmatively
introduced the following advances and novelties through this
study in electronically rewritable chipless RFID technology.
—This is the first time such a printing process compatible with

roll to roll printing technique is utilized to realize¢ CBRAM

RF switches, or an electronically rewritable chipless RFID

tag using these switches.

—Proposed tags were realized on flexible PET laminates. Tags
consist of three rewritable resonators (REP) each. And, one
REP represents three coded states each. Fabricated tags were
successfully programed and exhibit distinct readable
resonant RCS backscatter response for all possible 27 switch
combinations showing reliability of the design.

—We have presented and validated successfully an electrical
model that precisely approximates behavior of the proposed
chipless tag, and assuage the requirement of waiting for
results of time-consuming multiple 3D full wave EM
simulation studies, for all possible combinations defined by
a given electronically rewritable chipless RFID tag of the
proposed type.

—We have also presented the idea of quantization (or control)
of RCS magnitude values of a rewritable resonator, by
controlling the filament resistance values of integrated
CBRAM switch. This experiment and its outcome trigger the
conception of a possible novel hybrid encoding technique
that could be used in future works.

Electronically rewritable chipless RFID tags presented
herewith could find their potential application, as a superior
replacement of optical barcodes. Moreover, such a technology
of fabrication of electronically rewritable chipless RFID tags
as presented herewith, is compatible with mass production in
an industrial environment and could contribute to cheap and
efficient smart identifiers of the future.

Future works related to these electronically rewritable
chipless RFID tags, and the concept of fully printed
reconfigurable RF/microwave devices based on CBRAM
switching technology, includes detailed analysis of features
such as maximum number of switching cycles, investigation
of techniques for impedance control of CBRAM switches,
miniaturization of chosen resonators, research on strategies to
maximize RCS  magnitude, studies on real-world
environmental interactions of presented tags, and effects of
orientations of tag with respect to reader system, and similar.
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