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Abstract

This paper discusses the design of chip-less RFID tags of a standard pocket size of 69 mm by
156 mm. These tags are based on lumped elements of copper metal traces constructed on a
thin polyamide flexible substrate. Moreover, a low-cost single-chip Bluetooth detector circuit
system is demonstrated. Two different detection methods: variable coil load coupling and
optical light intensity detection were combined to yield 256 unique ID codes. In the first
method, by utilizing simple 4 MHz digital drivers and an integrated analog to digital converter
(ADC) in the reader controller; various inductively coupled resonant loads corresponding to
multiple distinct tags could be differentiated, yielding eight different (3-bit) ID codes. The
additional via-based hole pattern reflectometer method creates additional 32 distinct levels
(5-bit) utilizing 650 nm visible light-emitting diode and a simple trans-impedance operational
along with the same analog ADC pins of a Bluetooth controller. The printed circuit board
trace coil on the two-layer low-cost FR-4 waterproof sealed detector unit is simultaneously
used as a Qi wireless power receiver to charge thel20 mAh 2450 Lithium Polymer (LiR) bat-
tery. The device could remain operational for more than a month with a single charge;
remaining connected with a mobile device and enabling 10 readouts daily.

Introduction

RFIDs have been steadily taking part in many aspects of our lives in various applications. In
the past few decades, researchers have shown a noticeable interest in RFID systems. Many sys-
tems were presented with their different techniques and aspects. A brief classification for RFID
tags in the market in terms of power, communication range and protocol, and data processing
is elaborated in Fig. 1 [1]. RFID tags introduced to the market were categorized according to a
different point of views: power, communication range, programmability, and data processing.
From the power point of view, the RFID systems are sub-categorized into active [2], semi-
active [3, 4], and passive [5-7]. Moreover, from the communication range point of view,
they are sub-categorized into three main categories: close coupled [7, 8], remote coupled,
and long range [9, 10]. Nowadays, several applications facilitate the use of simple passive
RFID tags to limit the cost of the ID tag unit and introduce relatively more complexity to
the reader design. Several RFID tag technologies managed to give several appealing inexpen-
sive solutions and sustain the functionality of the given system, such as low-cost, thin, light
weighted, and flexible tags. Those mentioned tags show good mechanical and electrical prop-
erties. RFID tags being flexible is an advantageous point as they can be stored easily and are
preferable for daily use. In order to ensure the sustainability of the flexible substrate for the
desired RFID applications, the fabricated tags should be subjected to several movements
such as bending, folding, and twisting repeatedly to test their robustness. According to
[11-13], the flexible tags showed reversible electrical characteristics during the bending
tests. Many passive RFID tags use transmission lines and micro-strip patch antennas, most
of which are used for long-range and high-frequency applications [9, 10]. On the other
hand, applications with lower frequencies in the order of 10 MHz are used more for relatively
very short-range applications. Hence, ID tag design depends very much on lumped element
planar patterns such as spiral inductance and interdigitated capacitances [8]. Most current
RFID systems involve a silicon chip that would set a limit on the total achievable system
cost. However, there are some applications that may have an extra degree of freedom with a
reader complexity which leads to a relatively low-cost for the ID tag unit. Several researchers
showed a great interest in RFID systems. In [14], a low-profile chip-less RFID tag for wrist
band applications is presented; however, it requires tuning of slot parameters during its appli-
cation to get desired resonant frequency. Moreover, a low-cost chip-less RFID tag based on
split-ring resonators is demonstrated in [15], but it cannot be used in applications that require
flexible tags. The paper proposes a system with negligible ID tag unit cost, and also a cost-
effective reader. The design of the proposed RFID tag depends mainly on some passive reson-
ant distinct load circuits and via patterns that are traced on a planar flexible printed circuit
board (PCB). The PCB is light-weight 0.1 mm thin polyamide substrate along with the
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18 pm copper clad for the lumped device traces. With the planar
spiral inductance and the interdigitated finger capacitance com-
bination on the tag side, distinguishable signal-level variations
were obtained at the detector. On the detector side, in addition
to the previously mentioned RF signature verification, an extra
module is embedded, which employs an additional optical
front-end to detect the reflected light pattern and intensity corre-
sponding to via pattern around black silkscreened focus area. This
combination of distinct optical and RF patterns along with the
corresponding encryption results in a fully functional system
that is low-cost, portable, and suitable for daily use. The paper
presents in detail the planar passive resonance device tags and
the wireless charging opto-electronic detector sub-system designs
with the corresponding measurement results. The rest of this
paper is organized as follows: the section “RFID design” elabo-
rates on the RFID tag design, where the design of passive struc-
tures will be discussed. The section “Lumped elements
calculations” presents the calculation methods for the planar cap-
acitance and inductance. The section “Simulations and measure-
ments versus calculations” shows the simulation results used to
verify the previously mentioned calculations and compares
them with the measurements. The section “Tag circuits and sys-
tems” presents the circuit details of the proposed peak voltage
detector and wireless charger combo system, and optical
front-end of the detector. The system simulations and measure-
ments are provided in the section “Measurements”. Finally, the
section “Conclusion” concludes the main findings of this study.

RFID design

As the challenging part of the idea, the proposed RFID tags are
chip-less and use very simple planar circuit elements: inductance
and capacitance utilizing only copper traces of 18 um thickness on a
flexible substrate. The design is implemented on a single-layer thin
flexible PCB (Kapton), which has a low relative dielectric of 3.4
compared to the normal FR-4 dielectric of 4.7. This section intro-
duces the design of two prototype RFID tags with a target size of
69 mm x 159 mm suitable for containing the largest lumped elem-
ent geometries desired. The first tag has a circular spiral inductance
that is equivalent to 556 nH. The coil is formed of three turns with a
copper trace width of 0.2 mm, a gap of 0.2 mm as well, and an
external diameter of total 25.7 mm, as shown in Fig. 2(a). The
second tag has a larger rectangular spiral inductance of 26 uH
along with an interdigitated finger capacitance providing an equiva-
lent capacitance of 296 pF. The rectangular spiral inductance is
designed with two different trace thicknesses of 0.2 and 0.8 mm
to have the best area to inductance ratio, a gap of 0.2 mm, an
outer width of 37.7 mm, and an outer length of 62.6 mm. The
45-degree tilted edges ensure robustness for the coil toward any
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(a)

Fig. 2. The design of the two proposed RFID tags: (a) Tag A: the first tag with circular
spiral inductance. (b) Tag B: the second tag with the chamfered rectangular induct-
ance and interdigitated finger capacitance. (c) Cross-section of tag B defining the
layers.

damage as 90-degree transition may suffer from breakdown or fail-
ure during active use. The interdigitated finger capacitance is com-
posed of 182 fingers. Each finger is of 65.5 mm length, with a
copper trace width of 0.4 mm and a gap of 0.2 mm, which are
designed to get a large capacitance to area ratio. This particular
tag design is shown in Fig. 2(b). In the middle of tag A, a pattern
of four holes is added for the light reflection detection. As for tag
B, a pattern of two holes is inserted for the validation of the two
detection methods on these limited number of prototypes.

Lumped elements calculations

Since designing reliably distinguishable RFID tags with only
lumped element traces has been the main target of this study, it
is necessary to have a reliable approximate value for the first
cut lumped elements necessary for the tag design. Many would
consider that the advanced 3D EM simulation tools were a
good choice for extracting these values, but they might consume
a significant amount of simulation time, processing power, and
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Fig. 3. Five fingers interdigitated finger capacitance.

may easily result in inaccurate results when the geometries of
interest come to be sophisticated and large [16]. In order to
speed up the design of the RFID tags, this section elaborates on
fast calculation techniques for interdigitated finger capacitance
and the various geometries of a spiral inductance to obtain a
close estimate of resonances on the target tag structures.

Capacitance calculations

In order to go through calculations, there is a need to define the
interdigitated finger capacitance’s geometry and related para-
meters. Figure 3 illustrates an interdigitated finger capacitance
of n=>5 where n is the number of fingers, G is the gap between
two fingers, L is the common length between two fingers, and
W is the width of a single finger capacitance. The calculation
method to be mentioned is only valid for capacitance with a finger
thickness relatively small compared to its width. The capacitance
value is dependent on the gap to metal ratio, which is defined as
the metallization ratio represented by equation (1):

(6]

This type of capacitance is excited by the differential voltage.
The top comb with positive voltage V, and the bottom comb
with negative voltage V_. Consequently, the middle distance
between two successive fingers would be virtually grounded and
the capacitance will be defined as given in Fig. 4(a), where the
capacitance is divided into two categories, interior capacitance
noted as C; and exterior capacitance noted as Cg. This structures’
equivalent model is illustrated in Fig. 4(b). From Fig. 4(b), the
overall capacitance value Cr can be obtained in terms of the
internal and external capacitance, C; and Cgrespectively, as
shown in equation (2):

Cr 2(Cr x C
CT:(N—:"))X—I—I—M,

N > 3. 2)
2 Cr+ Cg

According to [17, 18],C; and Cg are defined by equations (3)
and (4) respectively, and the complete elliptic integral of K(k),
K(k,) is necessary, where k and k' are the modulus and the com-
plimentary modulus, respectively:

K(kloo)
K(kje)’

Cr =¢go(e; + 1)L (3
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where €, is the absolute dielectric constant of air, and €, is the
relative dielectric of the substrate. The modulus and complemen-
tary modulus of the internal capacitance differ from one case to
another according to the height of the dielectric and how many
dielectric materials the design has. As for this work, only the sub-
strate is available and the upper dielectric is an infinite layer of air
[17]. Hence the values of k and K will be defined for this case by
equations (5) and (6):

2./m ,
kgoo —i, ki = V1 — kieo, (5)

T 147

kiow = sin(z 17), ki = m . (6)

2

As mentioned, it is necessary to solve the complete elliptic
integral of the first kind which is defined by equation (7):

! dt

o (1 —12)(1 — (kt)?)’ @

K(k) :j

Due to the complexity of solving this integral, a MATLAB
code was developed to ease the evaluation of the integral and
obtaining the value of total capacitance.

Inductance calculations

The initial tag prototypes in this work have considered two
extreme geometries for spiral inductances. One of them is a regu-
lar circular spiral inductance with a limited number of turns as
shown in Fig. 5(a), and the other one is a rectangular shape
with dense turn ratio as shown in Fig. 5(b). Two different wire
thicknesses were utilized along the vertical and horizontal tracks,
utilizing the given area for maximum inductance value. As
regards to the circular coil, its inductance can be simply calculated
according to [19]; depending on the current sheet approximation,
its inductance is defined by equation (10), where x is the perme-
ability, n is the number of turns, d,. is the average distance
between the outer and inner diameter, p is the fill factor, and
Cr are the coefficients dependent on the geometry as given in
Table 1. This method takes into consideration the symmetry of
the spiral geometry and hence offers an approximation for the
sides of the spirals by symmetrical current sheets of equivalent
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Fig. 4. Capacitance model: (a) Capacitance between fingers on substrate. (b) Equivalent circuit model
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Fig. 5. Spiral inductance: (a) Circular spiral
inductance. (b) Rectangular spiral inductance.
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Table 1. Coefficients for current sheet expression

Geometry C1 Cy C3 Cs

Circular 1.00 2.46 0.00 0.20
Square based 1.27 2.07 0.18 0.13
Rectangular based 1.27 2.07 0.18 0.13

current densities. Moreover, as elaborated in [19], the total
inductance of a square structure is the sum of four identical values
obtained by the current sheets, since the four sides are identical.

dou + din
davg = tT s (8)
dout - din
= 5 7 9 9
P dout + din ( )
2d
Leire = % <1H (C*Z) +ap+ C4P2>. (10)
P

Therefore, using this information, an assumption can be made
that one side of the given rectangular coil inductance can be
represented by equation (11), with two identical values for the
length of the rectangular coil and two others for the width.
Given all the equations needed to get the total inductance of
this unique coil.

Salma El-Sawy et al.

Simulations and measurements versus calculations

In order to prove that the driven calculation methods are suffi-
cient, simulations and measurements are needed to verify the
equations’ veracity.

Capacitance simulations and measurements versus
calculations

As stated in [16], the simulation tools cannot get a reliable
value of capacitance when the number of fingers exceeds 50.
Consequently, it is compulsory to verify the calculations and simu-
lations for a smaller number of fingers. Using ANSYS Maxwell soft-
ware, the equivalent capacitance value was acquired for several
capacitances of a different number of fingers and compared with
calculations for a capacitance of a finger length 65.5 mm, a gap
of 0.2 mm, and a finger width of 0.4 mm. Figure 6 plots the com-
parison of both simulated and calculated values of capacitance for a
number of fingers ranging from 4 to 32. Since this simple calcula-
tion method more or less converges with the simulation results, it is
more appropriate to build a test prototype with a capacitance value
of 183 fingers, and compare the results with the measured values
after fabrication, as shown in Table 2. The error between the calcu-
lated and measured value was around 1%.

Inductance simulations and measurements

Verifying the inductance value was a relatively easier task com-
pared to the capacitance. Table 3 elaborates the results of the cal-
culated, simulated, and measured values of both proposed circular
and rectangular spiral inductances. Inductor simulations were as

2
Lde = W <ln <C—2) +optoy pz), (11)  well conducted with the help of ANSYS Maxwell CAD EM design
8 p tool to extract estimate values for those specific geometries. The
circular spiral inductance had an outer diameter of 25.7 mm, a
wire thickness of 0.2 mm, a gap of 0.2 mm, and three number
Lrectyyy = 2 (Lside=w + Lside=L)- (12)  of turns, while the rectangular spiral inductance was designed
60
50+ .
=
2 40 -
o
-
=
E
2 30+ -
£
=
3
=
s 20 .
e
&} IO L -
5 ---Simulated Capacitance
- ——Calculated Capacitance
0 ! | | [ I I
0 5 10 15 20 25 30 35

n : Number of fingers

Fig. 6. Simulated and calculated capacitance versus number of fingers.
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Table 2. Calculated versus measured capacitance values detector and charger circuits are also discussed in detail in this
section. The reader design involves a single Bluetooth Low-Energy
(BLE) IC as a full controller and communication device. Simple
Calculated 299 pF fully differential 3 MHz signals are applied to a series network of
a 200 Q total resistor and a PCB-trace detector receive coil L,, of
about 20 turns. The 100 Q insulation resistors serve two purposes.
First, they limit the current to be drawn from the BLE GPIO drivers,
which is not a significant amount for the low-power IC and hence
allow an optimal voltage swing. Second, they form an intermediate
variable impedance measurement taps for the RX detector coil to
allow sensing of the variable load resulting from various planar
Method Circular inductance Rectangular inductance tag inductive resonance circuits inserted. In order to enhance the
effective coupling between the reader and the tag, center gap for

Method Capacitance value

Measured 296 pF

Table 3. Calculated, simulated, and measured inductance values for both
proposed spiral inductors

Calculated 594 nH 26.76 pH a2 . S
aleutate n s the reader coil is aligned with the center gap of the tag which is
Simulated 437 nH 20.165 pH arranged to be matching by design. In order to minimize the user
Measured 550 nH 2 uH read out errors, the notes are inserted into a guided sandwiched

upper and lower double-plated PCB coil structure with 1.5 mm
gap, which effectively eliminates the gap errors in the vertical direc-
for an outer width and length of 37.7 and 62.6 mm, respectively, ~ tion. In the direction of insertion, the notes progress stops at the
two thicknesses of 0.2 and 0.4 mm, 22 turns with a gap of sidewall removing these variations, as well. The last variation,
02 mm. Taking into consideration the parameters of the which is responsible for the largest reading error source, relates to
Kapton substrate of a relative dielectric of 3.4 and a loss tangent  the shifts toward the sides in the horizontal plane. In order to min-
of 0.0036. imize this shift error, the center gap of the reader coil is made
slightly larger to accommodate 7-10 mm shifts. Even if a larger
shift were to be exerted by the user, the optical detector determines
this case easily and asks the user to insert the note properly. The
only thing that varies on the tag side is the number of turns as
The circuit diagram of the proposed low-cost RFID system  well as the capacitive load resulting in a distinct level of attenuation
including the reader and charger is shown in Fig. 7. In addition  in the detected signal. In order to keep stable alignment with repeat-
to accurate planar thin-film passive circuit element design meth-  able and distinguishable load detection levels; the thin film tags are
odologies described in previous sections, associated peripheral expected to be inserted between two fixed-gap PCBs. The sense path

Tag circuits and systems
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Fig. 7. RFID system circuits diagram along with the reader and the charger circuits.
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to this differential coil is a differential to single-ended conversion
transformer TR1 with 1:2 turn-ratio, which is chosen to both amp-
lify the detected load difference voltage into a high impedance load
of peak detector NMOS gate and also to achieve proper isolation
into the DC bias levels set in the envelope peak detector. The output
of this peak detector is fed into the analog to digital converter

Salma El-Sawy et al.

(ADC) of the BLE for the final decision. The receiver coil is not
only used to detect the unique tag RFIDs but it is also used to
charge the unit wirelessly. Since the design is a fully sealed water-
proof unit, the embedded 3.7 V Lithium-Polymer battery needs to
be charged wirelessly. A standard Q; charger is able to charge the
unit with a 175 kHz tone, even without a secondary side resonant

Reader with 100 Nano Note Inside

15

30 (mm)
(@)

Fig. 8. The proposed system in detection mode when the tag is inserted.
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Fig. 9. Voltage difference measurements setup for tag B.

tuning capacitor. It should be noted that the coil itself had to be kept
wideband without any resonance not to impact the regular sensing
operation of a wide frequency range of various tag coils, while sim-
ultaneously charging the battery with a safe margin. Two-way differ-
ential Zener clamp circuitry is used to protect the BLE chip, in case
a large Q; charging field is encountered. The Zener clamp voltage
level was set around 5.9 V which allows large enough headroom
for the Lithium battery charger circuit after the rectifier diode
drops and does not push the devices into breakdown regions if
the charging field happens to be excess in strength (Fig. 8).

The last circuit in the detector system is an optical front-end
which is responsible for sensing the light intensity variation that
results from the various minimum size via patterns engraved in
the center of the coil in the tag. On the corresponding region of
the bottom PCB of the two-layer detection circuit is a no solder
mask reflector metal area that reflects the light that is produced
on the top PCB. A photo-diode and light-emitting diode (LED)
pair combo device on the back of this top PCB is activated by
the controller during the tag readout, detecting the level of light
that can go through and reflect back. In the corresponding area
of the Kapton film tag, there exists a hole pattern with dark
black silkscreen to improve the sensitivity of this low-cost detec-
tion mechanism. A small photodiode current is amplified through
a trans-impedance amplifier and fed into the ADC for the final
level decision in the microcontroller.

Measurements

After elaborating on the functionality of the proposed system cir-
cuitry, this section discusses the measurement results of the pro-
posed system. As mentioned before that the system has two
identification criterions; one is measuring the change in peak
voltage due to the inserted resonant tag load; the other is

https://doi.org/10.1017/5175907871900151X Published online by Cambridge University Press

measuring the equivalent current intensity due to the reflected
light intensity between the reader and the tag corresponding to
the hole pattern of the proposed via structure. This section will
discuss the results of the two detection methods separately.

Voltage difference detection

As illustrated in Fig. 9 of the measurement setup, the reader is fed
by a 3 MHz square wave of 4-Volt peak-to-peak differential sig-
nal. The screenshot demonstrates the output on the oscilloscope
for the given three cases, no tag inserted, tag A case, and tag B
case; two distinct prototypes that were manufactured for test
purposes.

There was 500 mV of a received signal-level difference between
the tags as shown in Fig. 10, where the signal level drops from 3.3
to 3V in the case of tag A as a load and it drops to 2.5 V in the
case of tag B, with a dynamic range of 500 mV without even amp-
lification. Hence, the design provides flexibility to design eight
different structures to correspond to eight different tag designs
with safe margins. From this specific RF-based detection mechan-
ism, 3-bit extraction is used to identify the uniqueness of each
particular tag, with a Least Significant Bit (LSB) of 65 mV
which could be easily differentiated using the ADC in the
controller.

Current intensity detection measurements

This particular detection mechanism measures the photo-diode
current level corresponding to the reflected light intensity result-
ing from the hole pattern implemented on the tags. In Fig. 11,
trans-impedance amplifier output measurements corresponding
to a number of holes in the patterns of tag A and tag B are illu-
strated by the black solid line showing a quiet linear behavior with
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Table 4. Comparison with published works

8 10

Point of Comparison [6] SISY 2012 [20] EuCap 2014 [21] Prime Asia 2018 This work

Kind of RFID Passive lumped Passive dipole Active Passive lumped
Communication range Remote coupled Long (100 cm) NFC Close coupled
Operational frequency 125 KHz 2-5GHz 13.56 MHz 3 MHz
Substrate Flexible Kapton TF290 non-flexible Flexible PET Flexible Kapton
Cost Low Moderate High Low

Number of layers 2 layers 1 layer 1 layer 1 layer
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the dashed interpolation line. It is possible to extrapolate these
initial test results with a limited number of holes from the men-
tioned two test tags to conclude with up to 32 holes for safe detec-
tion dynamic range. This provides an additional 5-bit variety in a
number of distinct tags that can be constructed.

Conclusion

This paper described a low-cost and robust low-power RFID tag
and a reader technology for many daily activities such as tickets,
gaming, temporary activity tags, etc. The tags could be produced
in a standard single-layer copper-clad flexible substrate produc-
tion technology without any component or assembly require-
ment. The tags are just planar printed circuits and hole
patterns, while the wireless charging reader is designed as simple
as two sandwich layers of two-layer each FR-4 PCBs housing all
the reading circuits and PCB trace coils. A water-proof and stress-
proof feature of the proposed design allows it to be used in the
form of a keychain that can be carried along everywhere by indi-
vidual users. Table 4 illustrates the differences between the pro-
posed work and other published works.
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