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Platform Tolerant and Conformal RFID Tag Antenna:
Design, Construction and Measurements

Harish Rajagopalan and Yahya Rahmat-Samii

Electrical Engineering Department
University of California at Los Angeles
Los Angeles, CA, 90095-1594, USA
harish@ee.ucla.edu, rahmat@ee.ucla.edu

Abstract— This paper presents the design of a
novel platform tolerant and conformal RFID
(Radio Frequency Identification) tag antenna,
which operates at the 902-928 MHz UHF band.
The antenna has a simple, low-profile (1.8 mm
thick) structure. It consists of two microstrip
patches, which are separated by a narrow gap and
driven by a microchip in the gap. The tag is
designed to complex conjugate match an Alien-
Higgs2 microchip. The performance of the tag is
investigated on different surfaces (free space,
human and metal) through simulations using
parameters like power reflection coefficient, input
impedance and radiation patterns. The effects of
bending are investigated on the tag design.
Experimental read-range, radiation pattern and
impedance measurements are performed for the
tag. High Frequency Structure Simulator (HFSS)
simulation validation has been achieved due to
excellent agreement with measurements for this
particular  application. =~ The  experimental
measurements show that the maximum boresight
average read range of the designed RFID tag on
different platforms is about 3.5m (4 W EIRP).

Index Terms— Conformal, metal, RFID, tag.

I. INTRODUCTION

Radio frequency identification (RFID)
systems have attracted considerable attention in
recent years. These systems have become very
popular in applications like asset identification,
inventory management and human monitoring [1,
2]. In processes like supply chain management,
the RFID tags can keep a track of the products
throughout the supply course assembly chain [3].
RFID tags in the form of an implantable chip [4]
or wrist-bands [5] can be used to track the
movement of people in different environments

(like hospitals). Due to the non line-of sight
operation, larger read range and ability to store
more information, RFID tags serve as a possible
replacement to bar codes [6]. A typical RFID
system consists of a reader and a tag where the tag
is a passive device consisting of an antenna and a
microchip. Near-field (13.56 MHz) RFID systems
work on the principle of inductive coupling
between the reader and the tag [7]. Far-field (915
MHz, 2.4GHz) RFID tags work on the principle of
traveling waves between the reader and the tag [8,
9]. The UHF (860-960 MHz) band is of particular
interest due to the long read range possibility and
low manufacturing costs. These RFID systems
operate at various frequency bands around the
world (902-928 MHz in North and South
America).

Passive UHF RFID tags are attached to the
required object for tagging purposes. At the UHF

frequency, high-dielectric (human) or high-
conductivity (metal) objects degrade the
performance of the tag affecting the tag
impedance, ability to couple power to the

microchip and the read range of the tag. These
RFID tag problems are well documented in [10,
11]. Various metal-mountable tag designs have
been proposed in literature [12—14]. Slim tag with
vias designed on high-impedance surface [15], tag
on a lossy substrate with a stacked structure [16]
and small loop tag [17] are some other examples
of metal mountable tags where the tag antennas
are designed such that the tag antenna parameters
like frequency, efficiency, bandwidth, radiation
pattern and input impedance do not undergo
severe degradation on metal. Platform-tolerant tag
designs have also been proposed where the tag
demonstrates stable performance on different
surfaces [18].

1054-4887 © 2010 ACES
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Technological progress in RFID readers and
tags enables new and interesting applications and
more efficient ways of using current systems. The
design of the antenna is a critical part of the RFID
tag design [19]. A number of challenges have to
be addressed while developing RFID antennas
which include simple design for low cost mass
production (as bar code are much cheaper than
tags at present), reliable performance in free space
and on different surfaces, low profile structure and
structural conformality (for nonplanar objects).
Most of the tag designs in literature answer some
of these challenges [20—22]. Therefore, there is a
need to develop new RFID tag antenna designs
which successfully deal with all the challenges
presented. Large demand still exists in the market
for UHF band disposal, multipurpose RFID tags.
Good, practical solutions are still missing.

Fig. 1. Potential security and safety applications of
the proposed RFID tag.

In this paper, we propose the design of a novel
UHF RFID tag which operates in the US (902928
MHz) band. The low profile unique design makes
the tag ideal for low cost mass production (no via
structure). The tag operates on different surfaces
making it platform tolerant. The tag also operates
on non planar surfaces. This RFID tag antenna is
designed to match the Alien Higgs-2 microchip.
Firstly, the planar version of the tag is discussed
in detail, both in free space and on metal plate.
Impedance and pattern measurements are
performed for the planar tag. After the successful
investigation of the planar tag, the tag is
conformed to study effects of structural bending
on the tag performance. This conformal tag is then
placed on different surfaces (human, metal) and

ACES JOURNAL, VOL. 25, NO. 6, JUNE 2010

through simulations the power reflection
coefficient, input impedance and radiation
patterns are investigated to study the effects of
these surfaces on the tag performance. Finally,
read-range measurements are performed using
both planar and conformal tags in different
environments. Initial investigations show that this
tag can be used for both security and safety
applications such as inventory control and
reporting of high risk materials, gas cylinder
movement and tracking, and human monitoring as
shown in Fig. 1.

II. TAG ANTENNA DESIGN

The goal of tag antenna is to maximize the
detection range of the RFID tag. The antenna
input impedance has to be conjugate matched to
the microchip impedance to ensure maximum
power transmission to the microchip. The power
reflection coefficient between the antenna and the
microchip is given by

4Ra Rmc

p=l-r=1- , 1
1Z + Z | W

mc

where p is the power reflection coefficient, zis the
power transmission coefficient and Z, = R, + jX,
and Z,. = R, + jX,. are the complex antenna and
microchip input impedances, respectively [1]. The
antenna is designed to conjugate match to a
microchip, Alien Higgs-2, which has an input
parallel resistance of 1500 Q and a capacitance of
1.2 pF (at 915 MHz, the microchip impedance is
14 —j145 Q) as shown in Fig. 2.

Figure 2 shows the design of the planar RFID
tag antenna. The tag antenna consists of two
quarter-wave microstrip patches shorted to the
ground plane by the shorting plates. These patches
are placed next to each other separated by a gap
and connected by a microchip in the feed location.
The patches are placed on a thin FR-4 substrate (&,
= 4.4 and tand = 0.02) and foam layer backed by a
ground plane (116mm x 40mm). The reason for
choosing a thin FR-4 layer is that the FR-4 can be
potentially replaced by paper substrate to form a
green tag. The structure is simulated with High
Frequency Structure Simulator (HFSS). The tag



dimensions are chosen such that it can operate
both in free space and on metal and satisfy the
condition: minimum -3dB half power bandwidth.
To study the effect of metal plate, the tag is placed
on a 250mm x 250mm x 2mm (approximately 0.9
x 0.94 x 0.006A at 915 MHz) copper metal plate.
The power reflection coefficient, input impedance,
and radiation patterns are compared for the planar
tag in free space and on metal ground plane to
better understand the working of the tag.

The matching frequency (corresponds to the
minimum value of power reflection coefficient in
dB) is tuned by adjusting the patch length and gap
width. The matching frequency decreases when
the patch length is increased and it increases when
the gap width is increased. The foam layer is used
to improve bandwidth and radiation efficiency.
The input resistance of the tag is controlled by
changing the patch width (resistance increases
when the patch width is reduced). The tag ground
plane width is chosen such that the tag can satisfy
the -3dB criteria for both free space and on metal.

z
SP - shorting plate

Patches on FR4

SWYo Hs'L

Fig. 2. Design of the RFID tag antenna.

The microchip has variable impedance over
the frequency band and tag parameters are
optimized taking this fact into consideration. Once
the input impedance of the tag and the microchip
are obtained, these values are inserted into eq. (1)
to obtain power reflection coefficient. Figure 3
shows the power reflection coefficient calculated
from the input impedance and the Alien Higgs-2
chip impedance for both free space and on metal.
The optimized total dimensions of the tag are
40mm x 116mm x 1.8mm. Individual dimensions
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are as follows: patch-30mm x 57mm, Fr-4
substrate—30mm x 116mm x 0.4mm, foam
substrate—30mm x 116mm x 0.4mm, shorting
plate-30mm x 1.8mm, ground plane—40mm x
116mm and gap width—2mm.
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Fig. 3. Power reflection coefficient calculated
from the antenna and the microchip impedance.
The 902-928 MHz band is marked by two vertical
lines.

Figure 4(a) shows the simulated input
impedance when the optimized tag antenna is in
free space. It can be clearly seen that the antenna
resonance occurs close to 1100MHz (length of the
antenna 116mm ~ Ag/2). The operating region of
the tag is marked with dotted lines. Figure 4(b)
shows the input impedance (both real and
imaginary part) of the tag in free space and on a
250mm x 250mm x 2mm copper plate. It can be
seen that there is a change in the input impedance
when the tag is placed on metal. Therefore, the tag
is optimized to work well in free space and on
metal plate. The input impedance of the tag at 915
MHz in free space and on metal is 32.9 + j167.8
and 3.7 +j147.9, respectively.

Figure 5(a) shows the change in power
reflection coefficient for gap width variation. It
can be seen that when all other design parameters
are fixed to optimum values and the gap width is
varied, the matching frequency increases
significantly as the gap width increases for both
free space and metal plate case. Figure 5(b) shows
the effect of different size ground planes on the
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tag performance. It can be seen that when all other
design parameters are fixed to optimum values
and the ground plane size is varied (thickness of
ground plane fixed at 2mm), the matching
frequency satisfies the -3dB condition over the
entire band showing the robustness of the tag to
metal attachment.
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Fig. 4. Simulated input impedance of the antenna.

(a) In free space. (b) In free space and on a

250mm x 250mm x 2mm copper plate. The 902—
928 MHz band is marked by two vertical lines.

Complex interactions of currents and fields
due to the antenna structure cause the tag to
operate in a large loop-patch hybrid mode. From
the current distribution view point, the tag appears
to act in patch mode and from radiation pattern
view point, the tag appears to operate in large loop
mode (circumference of the loop is approximately
1A at 915MHz). Figure 6(a) shows the current
distribution on the top surface of the patches and
ground plane for the planar tag in free space at
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915 MHz. It is clear that the currents are
maximum at the edges and minimum at the center
of the tag (emulating a quarter-wave patch). The
direction of current flow on the ground plane is in
the opposite direction to the current on the top

patch surface.
Metal Plate

—1mm
===2mm
3mm |

Power Reflection Coefficient (dB)

'
- i H . L 1 L J
860 870 880 890 900 910 920 930 940 950 960
Frequency (MHz)

(a)

_ . i /
= " /s
= 4 \ - /
.2 -
= . :
& -6- |—100mm x 100mm
2 ===500mm x 500mm
2 1000mm x 1000mm |
g9
=
O
©
5 -10
g

12t

,13. L 1 L |

60 880 900 920 940 960
Frequency (MHz)

Fig. 5. Power reflection coefficient (a) Gap width
variation. (b) Ground plane size variation.

Figure 6(b) shows the electric field
distribution in the 0.4mm thick FR-4 substrate and
the 1.4mm thick foam layer for the planar tag in
free space at 915 MHz. The fields are maximum at
the center. The fields are in the +z direction on
one patch and in the —z direction on the other
patch. Across the gap, the fields point in the +y
direction (horizontal electric field across the gap
radiates).

III. IMPEDANCE AND RADIATION
PATTERN MEASUREMENTS

Extensive measurements were performed on
the planar tag both in free space and on metal



plate. A prototype planar tag antenna was built
and its input impedance and radiation patterns
were measured.

A. Impedance Measurements

Input impedance measurement of the tag is
crucial as it helps to optimize the tag performance
and improve its modelling in simulations. Due to a
balanced structure, the impedance of the dual-
patch microstrip antenna cannot be measured
directly with a network analyzer. This is because
the feed points of the balanced antenna should be
driven by equal and opposite currents, which is
not true if the antenna is connected to an
unbalanced coax port of the network analyzer. In
order to measure the input impedance of this
antenna, a quarter-wave balun was designed with
the center frequency at 915MHz. Fig. 7 shows the
prototype antenna and the balun used for
impedance measurements.

Suitable scheme is applied to calibrate the
balun out of the measurement. The impedance
measurement was done in free space, i.e., when
the tag was placed on a low-permittivity
polystyrene support, and also when the tag was
placed on a 250mm x 250 mm x 2mm copper
plate. The measurements were carried out in an
anechoic chamber to ensure stable distortion-free
conditions. Figure 8 shows the measured input
impedance of the planar tag both in free space and
on metal. Figure 8(a) shows the comparison of the
input impedance between simulation and
measurement in free space. Both the real and the
imaginary part of the input impedance measured
data follow the simulation curves very closely (in
the band of operation). Figure 8(b) shows the
comparison of the input impedance between
simulation and measurement when the tag is
placed on a metal plate. The measurements show
the decrease in the real part as predicted from the
simulation. There is very good agreement between
the measured and simulated data. The difference
at higher frequencies for the resistive part may be
caused due to the balun-tag coupling and the balun
bandwidth limitation.

B. Radiation Pattern Measurements

Radiation  pattern  measurements  were
performed in the UCLA far-field anechoic
chamber placing the tag on a polystyrene support

RAJAGOPALAN, RAHMAT-SAMII: PLATFORM TOLERANT AND CONFORMAL RFID TAG ANTENNA

and rotating it by an antenna positioner. Mercury4
reader with M/A-COM Dual antenna (5.9dBi
gain) was used for reading the tag with single
frequency operation at 915MHz (shown in Fig.
14(a)). The reader was controlled by a host
computer. The maximum transmitted power was 4
W EIRP (for the US band). The minimum
transmitted power required for reading the tag was
determined at each measurement angle and the
normalized radiation pattern was computed.
Figure 9 shows the measurement setup and the
normalized measured radiation pattern in the two
principal planes when the tag is in free space and
when the tag is plate on a metal plate. The peak

= | <= By o

Ground Plane

Y
Patch Layer

FR-4 X/\Y Foam

(b)
Fig. 6. (a) Surface currents on the planar tag in
free space at 915 MHz. (b) Electric field
distribution for the planar tag in free space at 915

MHz.

t\* Quarter-wave

Semi-rigid \ bajun
coax . Tag

iind

Fig. 7. Quarter-wave balun soldered to the
prototype tag.

simulated directivity for the tag in free space and
on metal plate are 3.53dB and 6.86dB at 915
MHz. All the patterns are normalized to their
respective maximum values. The tag and the
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reader were placed in the anechoic at a distance of
2m (far-field region of the reader antenna). The
reader power was incremented in steps of 0.1dBm
to find the minimum transmitted RF signal
required to activate the tag. This activation was
based on the criterion that the back-scattered
modulated signal from the tag should be read
continuously for 90 seconds. The positioner was
rotated in steps of 5°.
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Fig. 8. Input impedance measurement (a) Free
space. (b) Metal plate. The 902-928 MHz band is
marked by two vertical lines.

Figure 9(b) shows the simulated and measured
patterns for the tag in the xz-plane in both free
space and on metal at 915 MHz. It can be seen
that in free space the tag has omnidirectional
pattern and on metal the tag is more directive with
a small back lobe (present due to diffraction from
the metallic plate edges). Due to the nature of the
operating mechanism which involves both folded-
dipole and patch characteristics, the pattern is
omnidirectional in the xz-plane and Fig. 8 in the
yz-plane (loop like pattern in both planes). Figure
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9(c) shows the simulated and measured patterns
for the tag in the yz-plane in both free space and
on metal at 915 MHz. It can be seen that in free
space the tag has a figure-8 pattern and on metal
the tag has a broader pattern than in the xz-plane.
The measured patterns follow the simulated
patterns very closely in free space in both planes.

Antenna RF signal Tag in free space
=

Modulated signal ot

Zm ,
]
|
RFID iF pc
Reader

(a)

—— Free space (sim)
< Free space (meas)
= == Metal (sim)
#* Metal (meas)

—— Free space (sim)
< Free space (meas)
~ == Metal (sim)
* Metal (meas)

Fig. 9. (a) Radiation pattern measurement setup.
(b) Normalized measured and simulated radiation
pattern in the XZ-plane (® = 0°). (c¢) Normalized
measured and simulated radiation pattern in the
YZ-plane (® = 90°).The antenna is in free space
and on a 250 mm x 250mm x 2mm copper plate.
The scale is in dB.



On metal, the measured patterns follow the
simulated patterns closely in both planes up to
certain angles. At large angles, due to reader
power limitations, the received power was too low
to activate the tag. All the patterns are normalized
to their maximum value. The read range
measurements for the planar tag will be discussed
later. The excellent agreement between the
measured and simulated results for both the tag
input impedance and radiation pattern shows that
commercial radio frequency (RF) computer aided-
design (CAD) software can be successfully used
for RFID-type applications.

IV. BENDING EFFECTS ON THE TAG

Once the planar design was investigated in
detail, the tag was conformed in order to
understand the effects of bending on the tag
antenna performance.

Figure 10(a) shows the conformal tag in free
space. The tag antenna is bent about a cylinder
with radius of about 45mm. All the dimensions of
the planar tag are kept constant. The input
impedance of the tag at 915 MHz in planar and
conformal form is 32.9 +j167.8 and 21.4 +170.7,
respectively. It can be seen that the input
impedance for both planar and conformal forms of
the tag are similar and the design is robust to
conformality.

After understanding that bending does not
appreciably affect the performance of the tag in
free space, the conformal tag was mounted on
different surfaces to study the effect of these
surfaces on the antenna performance. The antenna
was conformed around a metal cylinder (copper)
as shown in Fig. 10(b). As shown in Fig. 10(c),
the tag was also conformed around human model.
The model is a typical representation of upper
human arm (radius about 45mm). For simplicity,
the human model was considered homogencous
(with dielectric constant of 58.8 and conductivity
of 0.84S/m). Figure 11 shows that the input
impedance of the tag does not change when placed
on metal and human arm. The input impedance of
the conformal tag at 915 MHz on metal cylinder
and human arm is 4.1 +j150.7 and 6.7 + j151.47,
respectively. Figure 12 shows the comparison of
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the power reflection coefficient between the
planar and conformal tag and it can be seen that
the bending does not change the performance
significantly. Figure 12 also shows that the
resonant frequency of the conformal tag does not
change on different surfaces. It is also observed
that the power reflection coefficient satisfies the
half-power bandwidth for all the cases. Similar
half-power bandwidth and input impedance
characteristics were obtained when the tag was
placed on multilayer human models as discussed
in [2].

Human muscle
Dielectric constant =58.8
X Conductivity = 0.84 Sim

(c)
Fig. 10. (a) Conformal RFID tag design. (b) RFID
conformal tag on metal cylinder. (¢) RFID
conformal tag on upper part of human arm.
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Fig. 12. Power reflection coefficient calculated for
the simulated antenna input impedance and the
Alien Higgs-2 microchip for the three cases
described in Fig. 10. The 902-928 MHz band is
marked by vertical lines.

Figure 13 shows the comparison of the
radiation patterns (directivity in dB) between
planar tag, conformal tag, conformal tag on metal
and conformal tag on human arm in the xz-plane
and yz-plane at 915 MHz. It is observed that the
directivity slightly decreases for the bending case
(conformal) with respect to planar tag but the
patterns are similar. Figure 13 also shows that the
radiation patterns are only slightly different in the
xz-plane and yz-plane for metal cylinder and
human arm case. It is also clear that when placed
on metal cylinder, the directivity of the tag
increases which is expected.
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planar
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(b)
Fig. 13. Comparison between planar tag,
conformal tag, conformal tag on metal and
conformal tag on human arm. (a) Radiation
pattern in the xz-plane (¢ = 0°). (b) Radiation
pattern in the yz-plane (¢ = 90°).

V. READ RANGE MEASUREMENTS
Typically, 2-5m read range is desired with

passive UHF RFID systems. Read range
measurements were conducted in an open
environment to avoid reflections from

surroundings at the single operating frequency of
the reader (915MHz). The measurement setup is
shown in Fig. 14(a). Microwave absorbers were
placed on the floor to avoid ground reflections.
Figure 14(a) shows the reader antenna and
central unit on a trolley (reader antenna
dimensions were 230mm x 480mm). The
maximum read range was defined as the maximum



line-of-sight distance from the reader antenna
where the reader detects the tag continuously
without interruption for 90 seconds. Once the tag
is moved further from the maximum read range, it
did not satisfy the criteria of continuous detection.
The output power of the reader is fixed at
30.1dBm. The reader antenna gain is 5.9 dBi. The
read range formula is given by

ro—q |ERE 2
Pmin Gth

where P, is the minimum power required to
communicate with the tag is recorded, L. is the
loss of the connecting cable (1dB), G, is the gain
of the transmitting antenna (5.9dBi), d is the
distance of the reader to the tag and EIRP is
effective isotropic radiated power (36dBm) [1].

(a) (b)
Fig. 14. (a) Read range measurement setup. (b)
The prototype tag on the polystyrene support in
free space, on metal plate, on PVC cylinder and
on human arm.

Figure 15 shows the plot of maximum
measured boresight read range and the
corresponding minimum power to activate the tag
for both free space and on metal operation at
915MHz. The regression lines are drawn using
equation (2) and fit well with measurements.
Table I shows the maximum read range for the tag
in free space and on different surfaces like flat
metal plate, metal cylinder, human arm and lower
part of human leg some of which are shown in
Fig. 14(b) at the boresight direction. The reading
distance remains fairly constant with an average
boresight read range of about 3.5m on different
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platforms with the current reader configuration.
The radiation efficiency of the tag is
approximately 95% in free space, 60% on metal
and about 50% on human arm model. The read
range values differ for different platforms due to
different matching (with chip impedance),
directivity and radiation efficiencies. The structure
is inherently less lossy (thin FR4 substrate) and it
has a higher radiation resistance compared to
small loop tags. Therefore, the tag has
significantly better read range than the small loop
tag [17].
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Fig. 15. Maximum measured boresight read range
versus minimum power for tag in free space and
on metal plate with best-fit curves.

Table 1: Maximum measured boresight read
distance of the tag on different surfaces at
915MHz at 4W EIRP.

On polystyrene support (free space) 4.8m

On 250mm x 250mm x 2mm copper plate | 3.8m

On PVC pipe (free space) — radius (50mm) | 4.5m

On metal cylinder — radius (50mm) 39m
On human arm 3.5m
On lower part of human leg 3.4m
On lower part of human leg (with

. 34m
clothing)

VI. CONCLUSION

A simple, conformal, low-profile (1.8 mm)
microstrip antenna suitable for RFID tags has been
proposed. The tag is designed to conjugate match
Alien-Higgs2 microchip impedance (14 — j145Q
at 915MHZ) and the tag operates at the 902928
MHz UHF band. A prototype of the tag was built
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and tested by measuring its input impedance and
radiation  pattern. The input impedance
measurements were performed using balun
approach due to the balanced geometry of the tag.
Excellent agreement was achieved between the
measured and HFSS simulated data for both input
impedance and radiation pattern for the planar tag.
The bending effects were studied for the tag and it
was observed that the tag was robust to
conformality. The conformal tag was then placed
on different surfaces and through simulations it
was observed that the tag performed well on all
different surfaces. Read range measurements were
performed for the tag in planar and conformal
form on different surfaces and an average
successful read range of about 3.5m was achieved
(4W EIRP).
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Abstract—This paper describes a novel approach
for evaluating the performance of an RFID tag on
the basis of the simulation of its input impedance.
A systematic and reliable approach to compute the
impedance is presented and the platform tolerance
characteristics of two tags are investigated on the
basis of the variations of their input impedances.

Index Terms—Radio frequency identification
(RFID), finite difference time domain (FDTD),
planer inverse F antenna (PIFA) tag, meander tag,
coax feed.

I. INTRODUCTION

Recent years have witnessed the use of Radio
Frequency Identification (RFID) systems for a
wide variety of applications, such as tracking and
inventory control. The RFID reader uses the
backscattered field from a tag, typically operating
at or near the frequencies of 915MHz and 2.4GHz.
Other frequencies, such as 125 kHz and 13.56
MHz, are also used in some systems, which rely
on near-field communication technology [1-2].
The system is comprised of a reader, which
includes an antenna, and the tag (also referred to
as a transponder) that contains the tag antenna and
a chip which stores the ID data. The antenna is

designed to have an impedance which is different
from the usual 50 Q, so that it can provide a
conjugate match to the chip impedance, which
usually has a small resistive part accompanied by a
relatively large reactance, typically 140Q, or even
higher.

An important attribute as well as performance
metric of an RFID tag is its read range. Typically
we use the modified Friis equation below to
compute the read range,

., (D)

= Marad \/EIRP GeGr(1-11t12)(1~|17[2)
AT

Ptn
where, a, and a, are the polarization vectors of the
reader and tag antennas, respectively, and A is the
wavelength of the operating frequency. EIRP
stands for equivalent isotropically radiated power,
(usually 4 W).G, and G; are the gains of the reader
and tag antennas, respectively. Iy and I, are
reflection coefficients of the reader and tag
antennas, respectively. Py, is the threshold of tag
antenna, which is usually a design parameter of
the tag chip.

When the tag is placed on different types of
platforms, e.g., cardboard, plastic, glass or metal,
the read range of the tag is affected, because its

1054-4887 © 2010 ACES
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resonant frequency, input impedance, gain, etc.
vary with the change in its environment. In [3], the
authors also state that: “The differential RCS of an
RFID tag is an important parameter which
determines the power of the modulated
backscattered signal.” The differential RCS, in
turn, can be affected by a change in the input
impedance; hence, it is important to study the
input impedance behavior of an RFID tag,
especially when it is mounted on different
platforms.

In this paper, we present a systematic approach
for estimating the tolerance of a tag when its
environment is modified. We show that this
information, which is very helpful at the design
stage of a tag, can be obtained in a reliable way —
even when the tag is placed on different platforms
— by estimating the impedance of the antenna.
Conventional models of the feed used by most
CEM codes render the impedance estimate to be
highly sensitive to the geometry of the feed region.
This is evidenced by the fact that different
computational codes using different feed models
often yield widely varying results. This is partly
due to the fact that the real part of the input
impedance of the tag is relatively small, and the
slope of the reactance is large at the operating
frequency of the tag. Regardless of the CEM codes
used, the results for the impedances can be
inaccurate when the impedance is evaluated in the
feed region where the higher-order modes are
present. Specifically, measuring the voltage and
current directly at the feed point in the presence of
the higher-order modes can corrupt the results and
yield non-physical values for the input impedance,
e.g., one with a negative real part for a passive tag.

Consider, for instance, the case of a PIFA tag
fed with a short coax as shown in Fig. 1(a). The
red line in the coax indicates the excitation point,
while the voltage and current measurement points
are marked in blue. Figure 1(b) shows that the
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input impedance is non-physical above 970MHz,
because the real part of the impedance is negative,
most likely because of the presence of the higher-
order modes. In this work, we employ a longer

200 T T T ‘

Reactance
150+ / i — ~ Resistance
/ |1
/ ' !
100} / e
/i
50+ )

Impedance(Ohms)
o
\
|
|
\
I

50| A

100} /

-150 /

-200
8

8.‘5 é) 915 1‘0 16.5
freq.(Hz) 5
(b)

Fig. 1. Nonphysical results obtained when a short

coax used to feed a PIFA tag: (a) Geometry of

short coax feeding a PIFA tag; (b) Input

impedance.

coax transmission line feed to obviate the above
problem when computing the input impedance and
evaluating the efficiency of power delivered to the
chip embedded in the tag. Note that this alternate
approach mimics the real-life measurement with a
Vector Network Analyzer (VNA), and has been
found to consistently yield realistic results.

We employ GEMS [4], a general-purpose EM
solver, which has been parallelized for handling



complex EM problems in a time-efficient manner.
As mentioned earlier, we use a coaxial line to feed
the tag, as we would when measuring the return
loss characteristic of a device using a VNA. We
note that such a configuration is not handled easily
by using the MoM-based commercial codes
because of the nature of the Green’s function used
in the formulation of the numerical problem in
such a code. Though the finite methods do not
suffer from this drawback, they can, nonetheless,
become burdensome in terms of CPU time and
memory when modeling the tag-coax composite
on a single PC. GEMS overcomes this problem by
using a parallelized code, which scales with better
than 90% efficiency, even on a large number of
processors [4].

II. EVALUATION OF TAG IMPEDANCE
USING A COAXIAL FEED

To evaluate the impedance of the tag we use
the FDTD code to measure the voltage or current
distributions along the feed line. Figure 2 shows a
model of the structure simulated by using GEMS,
where red indicates the outer part of the coax; the
outputs of the voltage and current are plotted in
blue; and black is the inner part of coax. The
length of coax is chosen to be on the order of
imax of the frequency band of interest —
typically, we choose this length to be at least
2/3Amax — SO that we can capture at least one
maximum and one minimum of the standing wave

-
’

Fig. 2. Geometry of the longer coax simulated in
GEMS with measurement points indicated in the
figure. Coax’ length is 200mm and the inner and
outer diameters of the coax are 2mm and 5.08mm,
respectively.
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distribution in the coax. This enables us to
evaluate the reflection coefficient of the TEM
mode, without it being affected by the presence of
the higher-order modes, which inevitably exist in
the vicinity of the feed point.

The knowledge of 7, the locations of the
maxima and the minima of the standing waves,
and the characteristic impedance Zc of the coax
enables us to compute the tag impedance by using

the well known formulas, given below:
Zy,—Zc
= (2)
Zy+7Z;
where, I is reflection coefficient, and Z; and Z.
are the load and characteristic impedances of the

coax, respectively. Next, we obtain the SWR from:

Vmin Imin 1- |r|
From (2) and (3), we can get
1+r 1+ |I'|e/?
ZL=Zcm= CI|r|e® (4)
where, 6=p*d and d is the distance from load, and
SWR -1
M =swrs1 ®)

Note that form (4) we can obtain the Z;,, and
Zimin by setting 8=0 and 6=n, respectively. The
relevant equations are:

1+|r]

Zimax = Zc =11 (6)
1—|r|

Zimin = ZCTIFI : ™

We can easily determine the locations of Z,,.,
and Z;,..,, by determining the location of the
voltage and current maxima along the coax, which
yield dmax and dmin, respectively. Finally, we can
drive Z; by using
L =7 Zimax t ] *Zc tan(_ﬁdmax)

Zc +j* Zimax tan(_ﬁdmax)

— ZC ZLmin +j * Zc tan(_ﬁdmin) . (9)
ZC +j * ZLmin tan(_ﬁdmin)

The sign of the phase is chosen to be negative

Z

(8)

Zy

because the origin of the coordinate system is
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located at the load end. We can use (8) to compute

the impedance if we utilize the voltage
distribution, or (9) if we choose to employ the

current distribution instead.

II. PLATFORM TOLERANCE STUDY
OF TWO RFID TAGS

We will now present the results of the
simulation of two different RFID tag antennas to
illustrate the application of the approach for
determining the tag impedance when we place the
tags on different platforms. The two tags are: (i)
PIFA [5], to which we add a loop near the feed
point; and (ii)) Meander Antenna [6], which is
modified to render it to be more tolerant to the
platforms by choosing its dielectric constant and
thickness to be different from the one described in

[6].

Wl=4.5mm, W2=Imm, W3i=4.5mm, Wid=3Imm,
Wi=0.5mm, Wo6=6.5mm, W7=6mm, Wi=15mm,
Li=05mm, L2=0.5mm, L3=725mm, L4=7.25mm,

L3=05mm, L6=12.25mm, and L7=23mm.

(a)
0.5mm Copper
&

3.48mm FR4, £,=4.1 Tanc=0.022
(b)

Fig. 3. Geometry of mender tag: (a) Top view; (b)
Side view.

While placing the two tags on different types of
materials, we introduce a 3 mm spacing between
the tag and the material under test. Figure 5 shows
the current distribution along the coax for the

ACES JOURNAL, VOL. 25, NO. 6, JUNE 2010

PIFA. The vertical black and red lines indicate the
locations of the ground plane and the dielectric

substrate, respectively, along the coax for the
PIFA case.
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Fig. 4. Geometry of PIFA tag.
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The simulation results for the real and
imaginary parts of the input impedance are
presented in Figs. 6 and 7 for the PIFA and the
Meander tag antennas, respectively. These figures
show that the tax provide a good conjugate-match
to the IC impedance when located in a free space
environment, since the real and imaginary parts of
their input impedance are approximately is
30ohms and 100ohms, respectively. we also note
that both put on the PEC background, the FIPA tag
performs much better than the meander tag

antenna, when they are placed on different
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(a) Resistance; (b) Reactance.

platforms, including a metallic one (PEC case).
(RL)
characteristics of the tags, calculated as follows

Figure 8 presents the return loss

Return Loss = 20 * log10 (%) , 9
A Cc

where Z, and Z are the impedances of the antenna
and the chip, respectively, both of which are
frequency dependent. The RL plots clearly show
that the presence of the ground underneath plays a
critical role in shielding the tag from the material
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below, and that the two tags perform differently
from this perspective.

~. 1‘\\\ /\\\ gz v
- - - - — =N\ A —
: W |
'y s
( /s
4
10 |7 b
7
_ by
D v Free Space
3 _ L 1/ a
o 15 by — — Cardboard case
\ |
8 ‘1 | Glass case
€ ol | “‘ - - - PEC case il
E i Plastic case

30+ ! 4

35 : : \ : : \ : : :
8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10
Fregeuncy (Hz) x 10
(a)
e — e
L .
2 T~
\ BN -
a5 .
4t /
) \ \
E \ \ /
g A
g & \ \ /
£ \/
2 \
3 Free Space N /\ /
-8 — — Cardboard case N ) /
Glass case ' Y /
— — — PEC case N/ \
~10H4 Plastic case - \/
12 : : : \ \ : : : \
8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10
Fregeuncy (Hz) x 10
(b)
Fig. 8. Return Loss Charcteristics of two tag

antennas: (a) PIFA; (b) Meander tag.

IV. DISCUSSION OF RESULTS AND
CONCLUSIONS

The platform tolerance of two types of tags
have been investigated in this paper by using a
novel simulation technique, described herein,
which yields reliable and physically acceptable
results for the input impedance, free of higher-
order mode effects that are excited in the vicinity
of the feed, and corrupt the impedance derived.
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The simulation technique has been designed to
mimic VNA measurements by using a coaxial line
feed of sufficient length, rather than relying upon
the conventional method of sampling the voltage
and current at the feed point to compute the input
impedance. Although the simulation could have
been carried out by using either an FEM or MoM
code, we have chosen to use a parallel version of
the FDTD code, namely GEMS, because its
superior ability to handle large, complex and
multiscale problems over serial codes We have
found that when the meander tag, which has no
ground plane, is placed on cardboard (£=2.5),
glass (,=3.8), and plastic (=4.7) [7], it performs
reasonably well, its return loss remains below -
3dB, and its impedance provides a good conjugate
match the IC of chip of choice. However, this is
no longer true when the same tag is placed on a
metallic object. The tag performance is found to
deteriorate significantly in this case, as may be
clearly seen from Fig. 7a. In contrast to this, the
PIFA tag continues to work well (see Fig.7b), not
only when it is placed atop the three materials
mentioned above, (cardboard, glass and plastic),

but also when it is located above a metallic object,

and its return loss remains better than -3dB for all

of these scenarios. The PIFA exhibits a superior
platform tolerance as compared to the Meander
antenna because the former has its own built-in

ground plane, which is larger than the footprint of
the PIFA antenna itself by about 5*5*10 mm (see

Fig.4). However, despite its larger dimensions, the

improved performance of the PIFA antenna,

described herein, justifies its use in preference to

the Meander tag, especially in situations where the
platform tolerance feature is important.
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Abstract— Development of the RFID tag for paper
reel identification in industrial environment is
discussed. Paper reel supply chain and history of
the development of the presented antenna design is
explained. Modeling of the paper reel tag is
discussed and a case study of tag antenna — paper
reel co-design is presented.

Index Terms— UHF RFID, paper reel
identification, tag antenna design.
I. INTRODUCTION

As the use of passive ultra-high frequency
(UHF) radio frequency identification (RFID)
systems emerges also the number of challenging
applications increases. One of the most
challenging applications for passive UHF RFID
systems is identification of industrial paper reels.
In paper industry there is a need for an automated
identification system that would carry on the
identification code of a specified reel throughout
its life cycle. Nowadays when barcode
identification systems are used in paper reel
identification the identification code disappears
when the wrapping paper and the barcode are
removed. On the contrary, the RFID tag would be
attached on the core of the reel and thereby the
reel would be identifiable throughout its life cycle
as long as the reel is in use. Since the tag will be
attached on the core of the reel the tag has to be
read through paper which attenuates the
electromagnetic wave. As a dielectric material,
paper also affects the electrical dimensions of the
tag antenna design [1, 2]. Typically, the dielectric
constant (g;) of paper varies from 2 to 4 [2] based
on the paper quality and environmental conditions.

Thereby, the challenges in paper reel identification
are due to the functioning principle of passive
UHF RFID systems, the attenuating properties of
paper and also the fact that the paper reel should
be identified omnidirectionally [3].

Figure 1 presents the components of a passive
UHF RFID system. Passive UHF RFID systems
use electromagnetic waves in coupling and
communication between reader unit and tag. The
reader sends a continuous wave (CW) signal to the
tag to activate its microchip, followed by
commands that are modulated to the CW signal.
The tag responds with its identification code using
backscattering of the modulated electromagnetic
wave. There is no internal source of energy in the
tag’s microchip, and it gets all the energy it needs
to function from the electromagnetic wave
transmitted by the reader.

Reader
transmission (CW

Tag antenna
and query

)

Reader unit ——

A

Reader antenna <—|J_|_|_|_H_r
Application Tag response
(PC, Host (modulated to the
computer) CW)
Fig. 1. Components of a passive UHF RFID

system.

The communication between the reader and the
tag is achieved by the tag switching its load
impedance, which modulates the radar cross
section (RCS) of the tag. The RCS of a scattering
target is the equivalent area of the target based on
the target reradiating or scattering the incident
power. RCS can be described as a representation
of how effectively a target can scatter the incident
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power. Therefore, the RCS of a target is not
necessarily equivalent to its physical size.

When the target is a loaded antenna, such as a
tag antenna with an integrated circuit (IC) chip,
the RCS can be altered by terminating the antenna
with different load impedances. Typically, in
RFID tags, the impedance of the IC chip is altered
between matched and mismatched states. In the
matched state the input impedance of the tag
antenna and the IC chip are complex conjugate
matched and therefore maximum power is
transmitted through the antenna to the IC chip. In
the mismatched state the impedance of the IC chip
and the tag antenna are not complex conjugate
matched and therefore the electromagnetic wave
from the reader antenna will be reflected back.
This way the tag’s binary identification code is
modulated and scattered back to the reader unit.
The modulating depth of the RCS also affects the
tag’s read range: deeper RCS modulation results in
longer read range [4, 5]. This may be essential in
the most challenging applications, such as in paper
reel identification, where significant backscattered
signal attenuation is present.

In most cases the limiting factor for the read
range achieved with passive UHF RFID systems is
the amount of power delivered to the IC chip, i.e.
the threshold power of the tag. In the case of paper
reel identification, this requirement becomes
crucial due to the attenuating properties of paper.

In terms of electromagnetic modeling and tag
antenna design, paper reels are complex objects
due to varying material properties and boundaries
within the object. To verify the performance of the
paper reel tags in industrial environment, the tags
have to be tested and characterized at the paper
mill. Before paper mill testing, the tags are tested
in the laboratory environment with a suitably sized
test paper reel. In this process electromagnetic
modeling plays a paramount role. It is crucial in
optimizing the paper reel tag parameters before
moving on to laboratory and field testing.
However, there are always some non-idealities
when modeling results are applied in practice.
Challenges also arise from the three-dimensional
curved structure of the paper reel where the tag
has to be embedded. In addition, the input
impedance of the RFID IC is frequency dependent.
Therefore, studying and developing the modeling
methods for tag antennas is important.
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In this paper we present the modeling based
design process of a tag antenna for paper reel
identification. The rest of the paper is organized as
follows: Section II presents the paper reel supply
chain. Section III concentrates on the requirements
for the paper reel tag and Section IV presents the
history of paper reel tag development. Modeling of
the paper reel tag is discussed in Section V.
Section VI presents the paper reel tag performance
characterization results. Finally, conclusions are
presented.

II. PAPER REEL SUPPLY CHAIN

The paper reel supply chain from the paper mill
to the end user includes several stages. An
example of a supply chain of paper reels is
presented in Fig. 2 [3, 6]. The need for
identification starts after the slitter machine where
each reel is cut out from the parent reel and
trimmed to have a specified width and web length.
Nowadays, when barcode identification systems
are used, the first barcode label is affixed on the
other end of the reel core after the reel comes out
from the slitter machine. This barcode includes the
14-caracter reel identification number. The
identification numbers are given for each reel
when the specific reel widths and other parameters
of the reels are planned. The information about the
reel — width, weight, paper quality etc. — are
connected to the reel identification number and
stored in the database. After the slitter machine,
the reel is automatically carried forward to the
packing plant using conveyor belts.

In the packing plant the reel is shielded using
wear-resistant and waterproof wrapping paper.
The wrapping paper is carefully folded around the
reel and over the inner end disk which is a
corrugated board disk that is shielding the ends of
the reel. After that, the outer end disk is fixed.
Nowadays when barcode systems are used in
paper reel identification labels including such
information as the weight of the reel, paper
quality, length of the wound paper, manufacturer
mill, reel width and diameter, reel identification
number and the corresponding barcode are affixed
on the outer surface of the reel. The label can also
indicate the paper reel clamp pressure which can
be used when the reel is lifted with a clamp truck.
This information is also saved to a database with
the barcode information and the identification
number of the reel. Normally two labels are
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attached on the reel: one on the other end of the
reel and one on the belly of the reel. After this
phase the reel is carried forward to the warehouse
using conveyor belts.

Paper reels are normally stored at the mill and
at their end destination. In some cases on the way
from the mill to the end user, the reels are stored
by middlemen: stockists, export merchants and
wholesalers. Warehousing should be efficient and
the reels should be stored in the warehouse or in
the pressroom so that each reel is readily available
in the first in — first out principle so that the stock
turnover can be followed. Electronic warehouse
management systems are used for optimizing the
rotation of the stocks and the storage plan.

In many countries paper reels are transported on
roadways using trucks or on railways. Road and
railway transportation is also used for carrying
reels from the mills to the sea ports. Occasionally
the reels are delivered directly from the mill to the
ship and from the ship to the end user. At the end
user location, for example inside the printing
house, automated guided vehicles (AGV) carry out
the feeding of paper reels for continuous printing
machines.
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PRODUCTION
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e
.).). ' Teg

= RFID reader

END USER
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Fig. 2. Paper reel supply chain [6].

As the above explanation shows the
environments in the paper reel supply chain are
various and the physical properties of each of the
identification points are also different. This sets a
number of challenges for the use of passive UHF
RFID systems in this application. For example,
multipath propagation in the reflective paper mill
environment may affect the identification of paper
reels. In addition, to guarantee effective automatic
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identification, the reels should be identified with
paper reel clamp-integrated readers and reader
antennas. This is challenging for both the
performance requirements of the paper reel tag
and the functioning of clamp-integrated reader
antennas.

III. REQUIREMENTS FOR THE PAPER
REEL TAG

To ensure identification of paper reels
throughout the supply chain and also at the end
user, the safest place for the paper reel tag would
be on the outside surface of the reel core under the
wrapped paper. This way the tag will remain non-
tampered even if the reel would be lifted with a
shaft that goes through the hollow reel core. With
proper antenna design, the tag can be read
efficiently through the thick paper layer. The
effects of paper layer — attenuation of the
electromagnetic wave [7], dielectric lens effect [8],
effect on the wavelength and thereby the
dimensions of the tag antenna [9] — have to be
taken into account in the tag antenna design
process.

The most crucial requirement for RFID systems
to be used in paper reel identification is the
omnidirectional reading of the tag on the reel core.
The structure of the paper reel and the tag
placement on the reel are presented in Fig. 3. The
required omnidirectional reading means, that tag
has to be readable 360 degrees around it in the xy-
plane, when the coordinate system is fixed as
shown in Fig. 3. This requirement is based on the
automation systems within the supply chain of the
paper reels. Paper reels are handled with paper reel
clamp trucks and where the omnidirectional
reading is essential: the truck driver has no way of
knowing the direction of the tag on the reel core
and the driver has no time to drive around the reel
to find the tag’s direction [3].

z reel core
A

Fig. 3. Tag antenna placement on the reel core.



In addition to omnidirectional reading, there is a
read range requirement for the paper reel tag. To
be applicable within the supply chain, the read
range of a paper reel has to be at least 1.5 m
measured from the center point of the reel. Of this
distance, usually 0.5-0.6 m is paper and the rest is
air. Computational electromagnetic modeling
plays an important role in optimization of the
omnidirectional reading properties and
maximizing the read range.

In addition, the paper reel tag has to be globally
operable, and therefore its bandwidth should cover
the frequency band used with passive UHF RFID
systems (860 — 960 MHz) 0. Also, to enhance
global usage the tag’s microchip should support
general standardization. For this research we have
used EPC Gen 2 —based microchips 0.

IV. HISTORY OF PAPER REEL TAG
DEVELOPMENT

The lack of suitable paper reel tag has
prevented RFID systems from being used in paper
industry  applications. Research work for
developing a suitable tag has been going on since
1980s. A suitable paper reel tag should have an
application specific antenna design and small and
sensitive enough microchip. Therefore, the biggest
challenge in this application has been the
development of an omnidirectional tag antenna
which provides long enough read range with a
suitable microchip.

Measurements to characterize the attenuation
properties of paper reels were carried out 0 and the
requirements of the UHF RFID system from the
electromagnetic viewpoint were also studied 0.

Around the world several organizations have
also worked on identification of paper reels with
RFID systems. Technical Research Center of
Finland (VTT) did research on passive bow-tie tag
for paper reel identification in Palomar project 0.
Also this tag antenna design was aimed for
broadband operation. Ipico has published a paper
reel identification system, which uses two
different frequencies and coupling methods (125
kHz and 6.78 GHz) 0. Challenges in using this
system arise from using two different frequencies,
which requires microchips and reader units which
are specifically designed for this system. In 2006
PowerID brought into market a battery assisted
ForReel tag (nowadays called a PowerR tag) 0.
Battery assisted tags are more expensive than

UKKONEN, BJORNINEN, SYDANHEIMO, ELSHERBENI, YANG: COMPUTATIONAL ELECTROMAGNETIC MODELING IN RFID TAGS

purely passive tags, and the durability of the
battery in the environmental conditions of the
paper reel supply chain has to be taken into
account. Also active RFID systems have been
tested in paper reel identification. The price of
active tags has been the limiting factor for their
widespread use in this application. In practice,
active tags can be inserted to cores which are
recycled to be used again in the supply chain. In
this case the core material can be for example
aluminum instead of paperboard materials that are
normally used.

In the early stage of the research on paper reel
identification different frequency bands and
coupling methods were tested. In addition to
passive UHF RFID systems, passive 13.56 MHz
systems based on inductive coupling were studied.
At lower frequencies the electromagnetic wave
propagates through attenuating material with
lower losses, but the large size of the reader
antenna, which was impractical in the application
environment, and too short read range restricted
the use of these systems in this application.

In 2002 a research project called Electronic
Supply Chain Identification with Passive RFID
Systems (eSCID) was started at Tampere
University of Technology, Department of
Electronics. One of the main research topics of
this project was paper reel identification with
passive UHF RFID systems. The research was
started by studying the identification of broadband
tags through a paper layer [9]. Promising results
were achieved and the tag antennas were further
developed with modeling and measurements 0, 0.
The results also showed that reading a passive
UHF RFID tag through a thick paper layer with
sufficient read ranges is possible.

However, the biggest challenge — developing an
omnidirectional tag — was still unsolved. Idea of a
tag antenna which would be mounted around the
reel core lead to breakthrough in development of
the omnidirectional tag. The original idea was C-
330 tag. The name of the tag was based on its
shape: it was to cover 330 degrees of perimeter of
the reel core and its mounted shape resembled a
letter C. However, in the early stage of the
research work the results were not as good as
expected. Therefore, the tag antenna design was
further developed and the C-180 tag antenna was
the result of this research work. It covers 180
degrees of perimeter of the reel core. The first
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omnidirectional reading of a paper reel with the C-
180 tag took place in 2005. This breakthrough
proved that passive UHF RFID systems can be
used in paper reel identification.

In 2006 a new research project, Global Paper
Reel RFID (PapeRFID) was started with a wide
support from Finnish paper industry. In this
project, C-tag has been further developed to meet
the requirements of the application, which are
presented in Section III. In addition, other suitable
tag antenna geometries have also been studied. For
example, an array tag antenna for paper reels has
been studied together with the University of
Mississippi RFID research group 0. PapeRFID
project was finished in April 2009. During this
project, the C-tag has been tested within paper reel
supply chain in various identification locations
(paper mill, sea port, printing house) and with
paper reel clamp-integrated reader antennas 0, 0.
In addition, the industrial manufacturing of the C-
tag has already begun. The C-tag meets the
requirements presented in Section III.

V. MODELING

Communication between an RFID tag and the
reader unit is based on modulation of
backscattering of the reader’s CW signal from a
loaded tag antenna. This type of system resembles
a radar system with the difference that the echo
signal carries object’s identification information.
Thus the communication principle of an RFID
system differs from common  wireless
communication where the data carrying signal is
fed to a transmitting antenna and received at the
other end of the link with a receiving antenna.

However, since currently in the passive UHF
RFID technology the energy scavenging of the tag
limits the detection range 0, for the design
purposes it is sufficient to consider the tag antenna
as a receiving antenna, loaded with the impedance
of the IC’s energy scavenging state’s impedance.
Consequently the design goal is to tune the
antenna impedance to the complex conjugate of
the of the load impedance to maximize the power
delivery to the IC and thereby to achieve the
maximal detection range.

Another goal for the design of the paper reel C-
tag, in addition to optimal impedance matching,
was to tailor the desired omnidirectional radiation
pattern for the antenna when it is attached to the
reel core under the paper wrapped on top of it. In
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general, when a tag antenna is mounted on an
object, its pattern may differ significantly from its
free-space pattern depending on the shape and
materials of the object. Therefore co-design with
the actual object is advisable. This co-design is
also advantageous — and often necessary — for
impedance matching of the antenna, since the
nearby materials affect the antenna current and
thus the impedance seen from its input terminals 0.

Most conveniently the previously discussed
design goals are met by first selecting a suitable
antenna geometry to produce the desired radiation
pattern and then realizing the maximal power
delivery to the IC by a matching network
embedded in the antenna structure. If the area
occupied by the matching network is small enough
compared to the radiation elements of the antenna,
its contribution to the radiation pattern is
insignificant and the pattern adjustment and
impedance tuning can be done separately.

The initial stage of the paper reel C-tag design
followed the above-explained procedure. First
different C-shaped geometries were tried and
sufficient matching was found to be realizable
with an embedded T-matching 0. After this initial
stage computer simulations were conducted to
predict the current distribution in the antenna
structure and to characterize its radiation
properties as well as to optimize its performance.

For the modeling of the C-tag we have used
Ansoft High Frequency Structure Simulator
(HFSS), which is a commercially available FEM-
based full wave electromagnetic simulator O.
Results from different models are compared below
to demonstrate the importance of an appropriate
simulation model to design both, impedance
matching and tailored radiation pattern for the tag.

In addition to the simulation of the antenna
impedance, accurate knowledge of the load
impedance, i.e. the IC’s input impedance in its
energy scavenging state, is crucial for the
realization of the complex conjugate matching.
Commonly the front-end section of an UHF RFID
IC contains rectifier and voltage multiplication
stages. This circuitry consists mainly of capacitors
and diodes and consequently the input impedance
of the chip is capacitive and depends on the
frequency and input power 0. Typically the chip
vendors either list this impedance at a few discrete
frequency points in the operation band or provide
an equivalent circuit model and related component



values for a continuous impedance model. The
development of the C-tag has been done with
various ICs, but in this article the design of
impedance matching for Alien Higgs-3 IC is
studied by simulations.

In this study the antenna is mounted on the reel
core and paper is wrapped around it. The reel core
itself is composed of dense cardboard and the
paper is standard copy paper. In reality the amount
of the paper can vary through the life cycle of the
reel, but for the simulations 0.3 m paper layer on
top of the antenna was assumed. In our case the
tag antenna is in immediate contact with only
these two materials and in addition to the antenna
conductor they are the only materials, which were
considered in the simulations.

The electrical parameters of paper are discussed
in [27]. For the paper reel C-tag design the
dielectric constant of paper and the loss tangent
values were set to 3 and 0.01, respectively.
Dielectric constant of reel core was assumed to be
4.0 and its loss tangent was set to 0.02. Since the
thickness of the conductor layer is very small
compared to the reel core and paper layer, it was
modeled as finite conductivity boundary with the
Copper conductivity 6=58 MS/m.

The configuration studied in this paper is a 6-
inch reel core with radius r = 0.09, paper layer
thickness 0.3 m, which corresponds to value R =
0.39 m, and paper reel height H = 0.53m. All these
parameters are shown in Fig. 3.

Figure 4 shows simulated impedance from five
different models. First model (M1), with only the
planar antenna structure in vacuum, is clearly a
non-realistic scenario for our study. In the second
model (M2) a finite sized reel core material brick
is added as substrate for the antenna. In the third
model (M3) a finite sized paper brick is included
in the simulation model as a superstrate for the
antenna. Fourth model (M4) is the same as the
third one, but in this model paper bricks are placed
on both sides of the antenna. In the fifth model
(MS5) the reel core and the paper layer are finite-
sized cylinders and the antenna structure is placed
on the cylindrical reel core. This model represents
the most accurate reproduction of the application’s
physical setting.

To simplify the design process a planar model
would be preferable, since it is faster to simulate
and also easier create in any simulation software.
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Fig. 4. Simulated antenna impedance from five
different simulation setups.

Results in Fig. 4 indicate that only the planar
model with reel core material (M4) and paper
layers on both sides of the antenna would produce
a result, which agrees reasonably well with the
cylindrical model (M5).

Using a series equivalent circuit for the antenna
and load impedances one can derive the power
transmission coefficient 0 as

4R, R,
- 2 (1)
‘ZL"_ZA‘
where Z, R+jX, and Z; R;+jX; and

subscripts A and L refer to Antenna and Load
respectively. This quantity is the ratio of power
delivered to the load and the power available for
the load and it is bounded to the interval 0<t<I.
To predict the power transmission coefficient for
the Alien Higgs-3 IC versus frequency we used the
equivalent circuit model for the chip impedance
provided by the manufacturer’s website 0. The
equivalent circuit is a parallel RC-circuit with
equivalent input parallel resistance R, = 1500 Q
and equivalent input parallel capacitance C,= 0.85
pF. The input impedance of the chip is related to
these equivalent quantities through

1
j27fC, +1R,’ @)

Zchipl(f) =
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This model is given at —14 dBm input power for
the frequency range 860 MHz to 960 MHz, but our
results are plotted from 800 MHz to 1000 MHz,
yet keeping in mind that the prediction may
become less reliable towards lower and upper end
of the studied frequency band.

During the prototype testing we found that in
our case the previous chip impedance model may
predict too high operation frequency. Further
inspections revealed that in the prototype tag, due
to an imperfect connection between the antenna
and the IC strap, also additional equivalent parallel
stray capacitance (C;) may be present. Indeed,
adding also this effect into the chip impedance
model yielded systematically better agreement
between the simulations and measurements. In this
augmented model the chip impedance is given by

1

Zopipa () = :
el ®
Zchip l(f)

Figure. 5 shows the chip impedances using the
stray capacitance model with different estimates
for the capacitance value and Figs. 6 and 7 show
the corresponding power transmission coefficients
for different simulation schemes and stray
capacitance values C; = 0 and C, = 0.2 pF

40
30

20

Resistance [Q)]

1 1
2 0.86 0.9 0.94 0.98

o -

0
0.
Frequency [GHz]
-100

-150

-200

Reactance [Q2]

EPTLLL L
i
|
|
I

-250

|

l
2 0.86 0.9 0.94 0.98
Frequency [GHz]

respectively.

I

0.

Fig. 5. The effect of the stray capacitance to the
input impedance of the IC chip.
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Results in Figs. 5, 6, and 7 indicate that only the
two most simplistic simulation setups; planar
vacuum model and the planar reel core model,
predict notably different power delivery compared
to the other three setups, which all give quite
similar predictions. Another observation is that the
impedance model for the IC chip is sensitive for
additional parasitic effects related to the chip
attachment; in the presented example the
augmented model with C;= 0.2 pF shows already
50 MHz frequency shift in the operation frequency
of the tag compared to the nominal model.

Power transmission coefficient

1 1 1
0.82 0.86 0.9 0.94 0.98
Frequency [GHz]

Fig. 6. Power transmission coefficient with an
ideal antenna-chip connection (C,=0).
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Fig. 7. Power transmission coefficient with stray
capacitance value Ci=0.2 pF.

Figure 8 shows the simulated directivity pattern
at 866 MHz with different simulation setups in the
xy-plane as shown in the Fig. 3. 866 MHz
frequency was chosen because it is the UHF RFID
band center frequency in Europe and therefore
suitable for comparison. Results are plotted using
standard  spherical coordinates, where 0°



corresponds to the direction of the positive x-axis
and the angle 90° corresponds to the direction of
the positive y-axis. Results in Fig. 8 show more
variation between the different simulations setups
than the simulated antenna impedances.

The two most simplistic setups; planar vacuum
model and the planar reel core model yield an
almost omnidirectional pattern cut, which is
similar to a dipole H-plane. Planar simulation
model with antenna on the reel core material slab
and paper layer on top of it (red curve) has distinct
maxima near +/— 30 degrees and in the region 75
degrees to 285 the pattern oscillates between 0 and
—5 dBi. The blue curve is obtained from a similar
model as the red one, but in this model the paper
layer is on both sides of the tag. This simulation
setup does not predict the two maxima like the
previously discussed model and the obtained
directivities remain between 0 and —5 dBi for
almost all observation angles. This result is
already quite close to the most realistic scenario
with the conformal tag model (black curve), but it
can be seen that the result from the conformal
model is smoother and predicts greater
directivities especially in the forward direction.
Therefore, when both the radiation pattern and the
impedance matching are considered, the conformal
simulation model seems to be a better choice than
the other more simplistic models with planar
geometry.

To provide an overview of the simulated
radiation characteristics of the C-tag in a 6-inch
reel core with 30 cm paper layer on the reel, the
simulated directivity at four directions around the
reel from the conformal model are plotted in the
Fig. 9 at three different frequencies in the
horizontal plane cut indicated in the Fig. 3. The
selected frequencies in Fig. 9 are UHF RFID band
center frequencies in Europe, North America and
Japan, respectively. The simulated radiation
efficiency at all these frequencies is 85%.

Directivity patterns in Figs. 8 and 9 suggest that
the readability of the tag around the paper reel
remains similar through the global UHF RFID
frequencies. At all three frequencies of interest,
there seems to be an asymmetry in the patterns, so
that more radiation is directed to angles over 180
deg. This is explained by the feed network, which
results to a slightly asymmetric current distribution
shown in the Fig. 10. According to this result more
current concentrates on the antenna structure on
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Fig. 8. Directivity [dBi] of the paper reel C-tag at
866 MHz in the xy-plane (as in Fig. 3).

866 MHz |
————me 915 MHz
---------- 955 MHZ

Fig. 9. Directivity [dBi] of the paper reel C-tag,
from model M5 in the xy-plane (as in Fig. 3) at
three different frequencies.

the feed point side than on the opposite side.
Symmetric current distribution could be attained
by introducing an asymmetry to the radiating
structure on the right hand side of the split plane,
or by using a symmetric matching structure
instead of the T-matching network.
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. 10 dB
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Fig. 10. Maximum surface current
distribution in decibels,

density
normalized to the
maximum value on the right hand side of the split
plane.

VI. CONCLUSIONS

Requirements, design principles and modeling
methods for an RFID tag antenna for industrial
paper reel identification were discussed and the
history of the C-tag antenna development was
summarized. Electromagnetic modeling plays a
key-role in the development of tag antennas for
challenging objects, such as paper reels. The
modeling results from the presented simulation
case clearly support a careful co-design with the
actual object, in this case mounting the antenna on
a curved surface. Mounting and nearby materials
affect the radiation pattern of the tag antenna. In
addition, the realization of the chip-antenna
connection can not be neglected in the design of
the impedance matching.
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Abstract- Two different concepts for the use of
resonant space-filling curves (SF-curves) elements
as RFID tags are proposed. In the first concept the
space-filling curve geometries such as Hilbert and
Peano curves are studied with respect to the
creation of an ultra-passive type of RFID in which
an array of space-filling curve elements, scaled to
resonate at different and particular frequencies, are
used to provide a backscattered signal, in which
information can be embedded. Using both
numerical simulations and RCS measurement, it is
shown that these electrically compact resonators
could produce relatively large scattered fields over
an inherently narrow frequency band at their
corresponding fundamental resonant modes. The
performances of these tags are also investigated
when placed near a typical inventory objects, such
as paper rolls. In the second concept, an SF-curve
antenna is used above an SF-curve high
impedance surface to develop an RFID tag that is
well-suited for tagging of conducting objects.

Index Terms- RFID, passive tags, SF curves.

I. INTRODUCTION

In recent years, there has been considerable
interest in the area of Radio Frequency
Identification (RFID) and Radio Frequency
Tagging (RFTAG). This emerging area of
technology has a wide range of applications that
include commercial inventory control in
warehouses, supermarkets, hospitals as well as in
military friend/foe identification to name but a few
[1-2]. Most of these applications require low cost,
thin-film printed antennas and sensors. The current

technology can be broken down into two main
groups, namely passive and active RFID tags. In
general, both active and passive tags utilize
integrated circuits, with active tags utilizing a
source, such as a battery. In passive RFID tags, the
electrical current induced in the antenna by the
incoming radio frequency signal provides just
enough power for the integrated circuit (IC) in the
tag to power up and transmit its response. Most
passive tags emit signal by backscattering the
carrier signal from the reader. This means that the
antenna has to be designed to collect its power
from the incoming signal as well as transmit the
response signal. The lack of an onboard power
supply means that the device can be quite small.
Passive tags have practical read distances ranging
from about 2 mm up to a few meters depending on
the radio frequency and antenna design, type
and/or size. Passive RFID tags can be much
smaller and cheaper to manufacture than their
semi-passive, which uses a small battery, and
active counterparts and can have an almost
unlimited life span. Majority of RFID tags in
existence are of the passive variety.

This work explores the potential for utilizing
the electrically small, resonant characteristics of
space-filling curves (SF-curves) [3] for RFID
technologies. An interesting property of a space-
filling curve, such as Peano and Hilbert curves,
shown in Fig. 1, is that, as the higher iteration-
orders, n, of this curve are considered, a long
“line” can be compacted into a small “surface”
area. In general, the expressions relating total
lengths, Sy and Sp, of the Hilbert and Peano curves
to their corresponding side dimension, L, are:
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From an electromagnetic point of view, such a
curve may provide a structure that, although small
in its footprint, can be resonant at a wavelength
much longer than its footprint. Such a “compact
resonator” can be quite wuseful in various
applications in radiation and scattering problems.
For instance, this feature is of interest to antenna
designers since it provides a planar resonant
radiator that can have a very small footprint as one
considers the higher orders in iterative filling of a
2-D region [4-8]. These curves have also been
utilized as inclusions to form high impedance
ground-planes (HIGP), also known as artificial
magnetic conductors (AMC) [11, 12].

Fig. 1. First three orders of Peano (top) and Hilbert
(bottom) space-filling curves.

(1

] A

In particular, we present two different
concepts for the use of the SF-curves as RFID
tags. In the first concept the space-filling curve
geometries are studied with respect to the creation
of an ultra-passive type of RFID in which an array
of space-filling curve elements, scaled to resonate
at different and particular frequencies, are used to
provide a backscattered signal, in which
information can be embedded. In the second
concept, an SF-curve antenna [6, 8] is used above
an SF-curve high impedance surface, or artificial
magnetic conductor (AMC) [11, 12] to develop a
tag that is well-suited for tagging of conducting
objects, which, as it is well known, causes very
poor performance when conventional RFID tags
are used. Previous works [6, 8, 11, 12] have shown
that for a given footprint the Peano of order 2 and
the Hilbert of order 3, resonate approximately at

MCVAY, HOORFAR, ENGHETA: SPACE-FILLING CURVE RADIO FREQUENCY IDENTIFICATION TAGS

the same fundamental resonant frequency with a
similar relative bandwidth, which is why, in this
work, these two orders are often compared side-
by-side.

IL. PRINTED PEANO AND HILBERT
ARRAYS FOR RFID TAGS

The “compact resonator” behavior of the
Peano and Hilbert curves may allow for relatively
small resonant passive tags with comparably large
scattering characteristics. The relatively narrow
bandwidth inherent to these geometries may prove
useful in allocating the narrow resonances as the
“spectral ID”. To investigate the scattering
characteristics of these curves, a single element
Peano curve of order 2 and single element Hilbert
curve of order 3, both contained within a 30 mm x
30 mm footprint (linear side-dimensions), were
studied in free-space under the influence of a
normally-incident, uniform plane-wave excitation
with varying frequency, utilizing a method of
moments (MoM) code, NEC-4. The corresponding
mono-static radar cross-section (RCS), as a
function of frequency, and the scattering RCS
patterns are shown in Figs. 2 and 3, for the Peano
curve and the Hilbert curve element, respectively.
Two different polarizations were studied
corresponding to polarizations in the x and y-
directions, Ex and Ey, respectively. As can be
seen, both curves possess resonances dependent on
the polarization of the excitation, and at the
resonances, the scattering from the curves behave
like resonant dipoles, and yet the 30 mm x 30 mm
footprint which encloses these curves is
electrically very small with respect to the resonant
wavelengths. For the fundamental resonance
corresponding to the y-polarized excitation, both
the Peano and Hilbert curves have electrical
footprints on the order of 0.07A. Since the curves
are smallest with respect to this first resonance,
corresponding to the y-polarized electric field
excitations, the primary focus of the work
presented here will focus on this lowest resonance.

We now consider the space-filling curve
geometries in creation of an ultra-passive type of
RFID in which an array of space-filling curve
elements, scaled to resonate at different and
particular frequencies, are used to provide a
backscattered signal, in which information can be
embedded.
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Fig. 2. Results of numerical simulations for scattering from a single Peano of order 2 element.
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Fig. 3. Results of numerical simulations for scattering from a single Hilbert of order 3 element.

To illustrate a potential RFID tag application, a 5-
clement array of Peano and Hilbert curve
scatterers, shown in the insets of Figs. 4-5 (Peano)
and 6-7 (Hilbert), are examined, respectively. For
the case of the Peano array, each element consists
of a Peano curve of order 2 while in the cases of
the Hilbert array, each element consists of a

Hilbert curve of order 3. Each element within the
array is scaled to 95% of the physical size (e.g.
footprint) of the element to its left and by using
this scaling factor, each element in the array is
designed to resonate at a separate and particular
frequency. When illuminated with a normally
incident plane-wave excitation, polarized in the x



RCS (dB)

Frequency (GHz)

Fig. 4. Frequency signature for 5-element Peano
RFID tag (inset) for both polarization excitations.

-15

-20¢t

25+

=30+

-35+-

RCS (dB)

40!

1 L$%%%%%

85 06 07 1
Frequency (GHz)

Fig. 5. Expanded (zoomed in) E, frequency
signature for 5-element Peano RFID tag, shown in
inset.
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Fig. 6. Frequency signature for 5-element Hilbert
RFID tag (inset) for both polarization excitations.
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and y-directions separately (see Figs. 4 (Peano)
and 6 (Hilbert)), these geometries give rise to the
scattering shown in the respective figures.
Multiple peaks in the Radar Cross Section (RCS)
are evident and each peak corresponds to the
resonance of a different element within the array.
For this illustration, the arrays were designed to
produce a mono-static RCS representative of the
binary number 11111, where a peak in the RCS
refers to a binary 1. It is in this manner that the
Peano and Hilbert arrays are acting like a bar-
code, as is used in the optical regime, but instead
the information is contained within the frequency
response of the tag.

From Figs. 4 and 6 it is noted that the
frequency response is different for both of these
arrays, for the x-polarized and y-polarized incident
fields used to excite these structures. For the x-
polarized case, the elements in the arrays achieve
resonance at higher frequencies and thus the
element sizes are larger with respect to the
operational wavelength. Also, since the higher
order resonances possess a larger relative
bandwidth, the total frequency spectrum occupied
by the RFID tag is greater (e.g. less compact).

WNE=ET T
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-30¢

-35¢

RCS (dB)

40!t

45}

85 06 07 08 09 1
Frequency (GHz)
Fig. 7. Expanded (zoomed in) E, frequency
signature for S5-eclement Hilbert RFID tag, shown
in inset.

III. POLARIZATION INDEPENDENT
TAGS

To address the issue of the polarization

dependence on such tags, the geometry shown in

the inset of Fig. 8 is considered. In this geometry,

consisting of Hilbert curves of order 3, each
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element within the previous array is replaced with
4-elements, identical in size with the original, 2 of
which are rotated by 90° with respect to the
original element. This process is repeated for each
element and again the 95% scaling factor is
applied to each super-clement. In the case shown
in Fig. 8, again a 5-element array was assumed
and then the second and forth elements were
removed to produce a signature of 10101. This
frequency signature is now obtained regardless of
the polarization of the incoming excitation albeit
at the expense of tag elements which are larger in
size. Due to coupling among the eclements, the
frequency response is not completely independent
on polarization, but the dependence on
polarization has been significantly reduced.
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Fig. 8. Frequency signature for a Hilbert RFID tag
with reduced polarization sensitivity.

IV.  PEANO RFID TAG ON A
DIELECTRIC AND METALLIC
CYLINDER

To investigate the performance of the
proposed space-filling RFID tags when placed
near a typical inventory object, Finite Element
Method (FEM) based HFSS software was used to
numerically model the radar cross-section (RCS)
of the 5-element array of Peano-curve elements of
2nd order on a paper roll (see Fig. 9). The paper
roll was assumed to have g, = 2.6, tand = 0.08 as
given as appropriate values in [9]. The 5-element
Peano array is identical to the previously studied
case (see Figs. 4 and 5) however now the array is
considered as printed on a Duroid substrate with a
thickness of 1.575 mm which accounts for a slight
shift in frequency as compared to the free-space
case considered previously in Fig. 5. Various radii
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of the paper roll were considered to investigate the
performance of the RFID tag in the presence of
both large and small inventory objects. The height
of the paper roll was fixed at 210 mm for all cases
and the electric field of the incident plane-wave
was polarized in the direction of the cylinder axis.

z

Fig. 9. The Peano-curve array placed on a paper
roll of height 21 ¢m and radius r.

-10

Bistatic RCS at 45°

r=18.75mm
r=37.5mm
r=56.25 mm
r=75mm

532 0.4 0.6 0.8 1
Frequency (GHz)

N

-6l L L L
8.2 04 0.6 0.8 1
Frequency (GHz)

Fig. 10. Results of numerical simulation for the
RCS of the Peano-curve RF tag near a paper roll
for different radius values.

The monostatic and bistatic RCS results for
the paper rolls of various radii are plotted in Fig.



10. The backscattered and the bistatic results at 45
degrees are very similar, due to the dipolar
scattering pattern associated with these elements,
as shown in Fig. 11 for the resonance at 0.76GHz..
For the cases of r = 18.75 mm and r = 37.5 mm,
one can clearly see the peaks corresponding to the
resonant frequencies of the Peano curve elements,
and hence the RFID tag frequency signature. As
the radius of the paper roll increases, however, the
resonant peaks become less pronounced due to the
increased contribution of the paper roll to the
overall RCS of the combined geometry.

Case 2 Patterns @ 0.76 GHz

Fig. 11. Scattering Patterns of the Peano-curve RF
tag on a paper roll of 37.5mm radius at 0.76GHz.
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Fig. 12. Monostatic frequency signatures for cases
shown in Fig. 8.6 but when the cylinder is
considered as metallic (radii = 18.75 mm (case 1),
37.5 mm (case 2) and 56.25 mm (case 3).

This effect was also found, and even more
pronounced when a metallic cylinder made of
aluminum was considered in place of the paper
roll cylinder. The scattering for the case when the
cylinder is metallic is shown in Fig. 12. For this
case, it can be seen that the scattering from the
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tagged object, namely the metallic cylinder,
completely dominates the return by the third case
studied. To this end, the possibilities into the use
of space-filling curve RFID tags for tagging large
metallic objects are investigated in a later section.
Background subtraction or other appropriate signal
processing algorithms may also potentially be used
to enhance the peaks in the received RCS
spectrum.

IV. EXPERIMENTAL RESULTS

In order to experimentally confirm the overall
space-filling curve RFID tag concept, a set of 3-
element arrays, corresponding to the Peano order 2
and Hilbert order 3 geometries, and a 5 element
array of 3" order Hilbert curve elements were
fabricated (see Fig. 13 insets). In both the Peano
and Hilbert RFID tag cases the largest tag element
was scaled such that the lowest resonant frequency
was within the frequency range of the available
horn antennas (1-12.4 GHz) utilized for the
measurement and as such, the dielectric substrate
effects were also taken into account in the design.
The largest element size for both the Peano and
Hilbert tag arrays is about 7 mm. The subsequent
elements were then scaled using a 95% scaling
factor as was previously discussed. The arrays
were fabricated on DUROID 5870 (g~=2.33) and
measured. The measurement setup consisted of
two H-1479 horns, one for transmit and one for
receive, with a 267 mm separation distance
between them. The RFID tags were placed,
separately, 122 cm downrange. The RCS was
collected utilizing an Agilent E-5071B vector
network analyzer and some absorbing material
was utilized to reduce noise and reflections within
the room. Measurements were taken both in the
absence of and in the presence of the RFID tags in
order to perform background subtraction. The
RCS results are plotted in Fig. 13, for both tags
utilized. The peaks corresponding to the resonant
frequencies, fi, f; and f3, of the space-filling curve
elements can be seen. A similar 5-element Hilbert
array was also fabricated and its measured RCS is
shown in Fig. 14.

V. LOCATING MULTIPLE NEARBY
TAGS

One potential pitfall for this type of ultra-

passive tag would be the ability to identify
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Fig. 13. Measured frequency signature for 3-element Peano and Hilbert RFID tags.

Background Subtracted DATA

RCS (dB)

Freq (GHz) X 10

Fig. 14. Measured frequency signature for 5-element Hilbert RFID tag.
another tag is “interrogated”. However, in this
section delay and sum beamforming is explored as
an approach that may allow for the frequency

multiple tags located within close proximity to one
another. Passive and active tags offer the
advantage that a given tag can be “silenced” while
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Fig. 15. Rectangular array of dipole elements; 64 receive elements and 4 transmit elements.

Fig. 16. Two separate Hilbert curve RFID tags.

signature of multiple tags within close proximity
to be extracted.

Using Method of Moment based NEC-4, a 5
receive array consisting of a rectangular array of
64 dipole elements is numerically modeled.
Fourtransmit dipole elements are placed near the
receive array. The geometry of the array is shown
in Fig. 15. The elements in the receive array are
spaced %2 A apart (at 2.5 GHz) and are A/2 dipoles. 25
The 45 degree rotation of the elements is to avoid
contact between the elements. The transmit
clements are placed 4.5 times the separation -35,
distance of the receive elements, away from the
rectangular array sides. This particular set-up was ~ Fig. 17. Numerically calculated received signal
chosen to correspond to a particular array, in use ~ Without delay and sum beamforming.
for another unrelated radar project that has been

proven effective in imaging of nearby objects in a Two separate 3-clement space-filling curve
cluttered environment [10]. tags were then modeled and placed 3.2 meters
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Fig. 18. Results of numerical simulations for the output of the beamformer in the area of interest. The
“hot spots” correspond to the returns from the space-filling curve RFID tags.
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Fig. 19. Simulation results: Application of the proper phase delays in the directions of the targets to
obtain the frequency content at the desired locations. Insets show the frequency content of the individual

tags, separated by the process described in the text.

downrange of the array. The model for the tags is
shown in Fig. 16.

The numerically calculated received signal
without any processing is shown in Fig. 17. As can
be seen, 6 peaks are present, however it is not

evident which peak corresponds to which tag.
Beamforming is then implemented over the
frequency range from 1 to 3 GHz. To implement
the beamformer, the delay path for a single
transmit/receive path was calculated and applied



for each transmit/receive pair, for all the pixels
within the space being imaged. The space imaged
was 3 meters by 3 meters with a separation of 0.04
m between the individual (pixel) locations being
imaged in both x and y directions. The standard
beamforming equation is given by:

o, 7 (I,m,n)
1, m,n) = Tk pq ,(2)

p

i ™Mo

0 K
> X R
lg=1k=1

where I(I,m,n) is the total power received at the
pixel location (/,m,n), k corresponds to the sum
across the frequency range, p and ¢ correspond to
the transmit receive pair, respectively and the

jo, T
exponential term e gives the
focusing delay for the location (Im,n) at the A"
frequency for the pq receive pair, where z,(/,m,n)
is the phase delay between the pg receive pair to
the location (/,m,n). Rpq is the received signal
from the pth transmitter to the qth receiver.

The resulting output of the beamformer is
shown in Fig. 18. The “hot spots” shown
correspond to the locations of the two separate
tags.

In order to obtain the separate frequency
responses, the S-parameter data collected in the
above procedure can then be focused in the
direction of one particular tag and the sum over
the frequency range in (2) can be omitted in order
to obtain frequency information content from that
particular location, while simultaneously spatially
filtering out signals arriving from other locations.
Applying this procedure for each of the ‘“hot
spots” in Fig. 18, the frequency content is
extracted and shown in Fig. 19.

(1, m, n)

VI. HILBERT-CURVE RFID
ANTENNA ABOVE HILBERT-CURVE
HIGH-IMPEDANCE GROUND-PLANE

It is well known that a horizontally polarized
radiating element will not radiate efficiently when
placed horizontally above and within close
proximity to a good conductor. If however an
artificial magnetic conductor could be realized, it
could be wused to enhance the radiation
characteristics of the radiating element. In this
section we study the potential of utilizing the
electrically small SF-curve radiating elements,
above the high impedance ground-planes (HIGP),
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also known as artificial magnetic conductors
(AMC) made of space-filling curve inclusions [11,
12]. In such a process, it may be possible to have
an electrically small yet resonant, horizontal,
dipole-like element within close proximity to a
conductive ground-plane, while maintaining a
matched system with gain values greater then that
of the free-space counterparts. Such a scheme may
particularly be useful when these antennas are
used in RFID tagging of conducting objects in
either passive or an active RFID application.

2
<\V/

—— ABOVE HIGP
=== ABOVE GROUND

o

'
o

S11

-10

-15

287 0.72 0.76 0.78

0.74
Frequency (GHz)

Gain Elevation Pattern (dBi) f =0.7372 GHz

Fig. 20. Hilbert RFID tag utilizing a Hilbert HIGP
(AMC) for enhanced radiation performance.

As an example we consider the case shown in
Fig. 20. It consists of a Hilbert curve of order 3
antenna, matched in free-space to a 50 2 source
by judiciously choosing its feed location [6].
When placed at a height of 15 mm above a
conductive ground, of infinite extent, it gives rise

=]
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to the return loss (S11) shown in Fig. 20 (blue,
dashed line). As can be seen, in the presence of the
metallic ground, the match to the 50 Q source is
lost, due to the small value of radiation resistance
when in close proximity to the conductive
backing. When a 2 by 2 array, also consisting of
Hilbert curves of order 2, acting as a high-
impedance ground-plane is inserted between the
antenna and the ground plane, at a height of
13.425 mm, the radiation resistance is restored as
is the 50 Q source match as is evident in the
return-loss values plotted in Fig. 20, as a function
of frequency, for the antenna above the high-
impedance ground plane. The gain elevation
pattern, corresponding to the resonance is also
shown in Fig. 20 and it is noted that the pattern is
similar to a dipole pattern, in the presence of a
conductive ground of infinite extent and that the
gain of the antenna, in the presence of the AMC is
on the order of 4.26 dBi.

In order to provide an experimental
verification of the proposed space-filling curve
dipole antenna above the corresponding high-
impedance ground-plane, a realistic feed system
must first be considered. In the numerical
modeling, one can simply assume a 500 gap-
source, while in practice; this requires a bit more
thought. Since this system has a ground-plane, a
coaxial-probe fed system is considered, as is
utilized in many patch antenna designs. Since this
design consists of 3 layers, a ground-plane, a high-
impedance surface and a dipole layer, it will be
necessary to feed a probe up from the ground-
plane to the antenna layer. A commonly used
SMA probe diameter is 1.27 mm. In order to feed
the probe through the surface without making an
electrical connection, the inclusions on the high-
impedance surface must be scaled such that a 1.27
mm probe can fit in between the distances between
the inclusions’ microstrip lines.

An SMA coaxial probe is grounded to the
ground-plane while the probe center comes up
through the high-impedance surface and connects
to the antennas’ 50Q) free-space feed location. The
numerical model of the coaxial-fed antenna is
shown in Fig. 21. The shaded areas correspond to
the 1.575 mm thick Duroid (g=2.2) substrates
which were also considered in the modeling
process. We note that for a passive tag when an IC
chip is connected in place of the probe, the
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antenna should be matched to the input-impedance
of the chip by choosing an appropriate feed-point
location on its trace.

z

I

Fig. 21. Simulated model of the probe-fed Hilbert
dipole antenna above a 4 element Hilbert high-
impedance ground-plane.

The fabricated design is shown in Fig. 22. It
should be noted that due to the Duroid substrate of
the antenna, the 4-element high impedance surface
is not visible in the figure. The return loss (S;;)
results of the numerical model and the
experimental prototype are shown in Fig. 23. As
can be seen there is a very close agreement
between the two. An additional drop is seen in the
return loss of the prototype at 650 MHz, which is
most likely due to some fabrication or construction
flaw. This additional drop is still not in the
matched range where the return loss is less than -
10 dB. The resonance of interest here is the
resonance which is closely correlated between
both results, both in the resonant frequency and in
the level of the return loss, at 700 MHz. As was
previously mentioned, the antenna was designed
around this 700 MHz frequency region such that
the probe diameter could be inserted through the
high-impedance surface level. Due to the fact that
the frequency range of this design, falls outside
that of our laboratory’s anechoic chamber, which
has a lower cut-off of 2.0 GHz, pattern
measurements were not possible. The simulated
gain patterns however indicated a dipolar radiation
pattern, as expected, with a gain of 4.22 dBi and a
bandwidth of about 0.3%. These values all
correspond very closely to the values in the
previous section, which assumed a perfect gap-
source and identical dimensions.



Prototype of the probe-fed Hilbert
above a 4-element Hilbert high-

Fig. 22.
antenna
impedance ground-plane.
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Fig. 23. Measured and simulated return loss of the
fabricated Hilbert antenna above Hilbert high-
impedance ground-plane.
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VII. CONCLUSIONS

Arrays of Peano and Hilbert space-filling
curve elements are proposed for potential use as
RFID tags. Using both numerical simulations and
RCS measurement, it was shown that these
electrically compact resonators could produce
relatively large scattered fields over an inherently
narrow frequency band at their corresponding
fundamental resonant modes. These tags were also
investigated in terms of their performances when
placed near a typical inventory objects, such as
paper rolls. In addition, the use of a Hilbert-curve
antenna above Hilbert AMC ground-plane was
investigated for tagging of metallic objects, where
it was shown that a such a configuration could
provide a compact, low-profile and highly
efficient technique for RFID tagging in presence
of conducting surfaces.
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Abstract — Over the past decade, researchers have
shown significant advances in the area of radio
frequency identification (RFID) and metamaterials.
RFID is being applied to a wide spectrum of
industries and metamaterial-based antennas are
beginning to perform just as well as existing larger
printed antennas. This paper presents two novel
metamaterial-based antennas for passive ultra-high
frequency (UHF) RFID tags. It is shown that by
implementing omega-like elements and split-ring
resonators into the design of an antenna for an UHF
RFID tag, the overall size of the antenna can be
significantly reduced to dimensions of less than
0.15A, while preserving the performance of the
antenna.

Index Terms- Metamaterial, RFID, meander-line,
split-ring resonator, printed antenna, passive tag.

I. INTRODUCTION

The use of radio frequency identification
(RFID) has grown substantially in recent years [1-
4]. RFID has been applied to many different
industries such as supply chain management [5],
disease prevention [6-7], security [8] and road-
tolling [9]. Because of these applications
significant research is being conducted in the areas
of antenna design [10], environmental effects on
RFID systems [11] and novel reader applications
[12].

The two major characteristics that distinguish
different types of RFID systems are the power
source of the tag and the frequency of operation [1].
An excellent review on the characteristics of
different types of RFID systems can be found in
[1]. A passive RFID system uses the energy from
the field radiated by the reader to completely power
the tags. A tag in this type of system usually has an
antenna attached to a rectifier circuit. This rectifier
circuit then provides a voltage and current that will
be used to power the tag circuitry. At Ultra-high
frequencies (UHF) it is the relation between the
input impedance of the rectifier circuit and the
antenna impedance and gain that will determine the
maximum read range of the tag [6], [10].

When designing a passive RFID tag, it is clear
that the antenna is a major component of the overall
size [6]. This is because it is difficult to attain an
inductive input reactance and a suitable gain of an
electrically small antenna. A new and rapidly
emerging field of research based on metamaterial
inspired antennas [13-16] is showing that antennas
with small physical size can have impedance and
radiation properties comparable to existing larger
antennas such as rectangular microstrip and
meander-line (space-filling) antennas. In particular
research in the area of metamaterials has resulted in
recent advances in optics [17], filters [18], novel
resonator structures [19-20], novel transmission
lines [21-23] and new compact power dividers [24].

1054-4887 © 2010 ACES
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Many advances in metamaterial research have
represented very significant steps in the area of
antenna and microwave engineering. But, many of
the structures introduced so far are very
complicated, and in some cases this is a significant
drawback. When designing metamaterial- based
antennas, many different conducting planes, vias
and special ground planes are required. These
complicated structures are not easily applied to
passive RFID antenna designs. This is because
many passive RFID antenna designs are placed on
single conducting layers with one or two different
dielectric layers. In fact, very little work exists on
strictly planar-based metamaterial transmission
lines [25].

Recently, several initial studies have been
conducted on using metamaterials to enhance the
performance of passive RFID tags [26-27]. These
studies have shown promising results but several
drawbacks of these studies have also been
observed. For example, the designs are placed
above special ground planes, the feed networks can
be complicated and a clear design process for using
these antennas is not presented. Since typical
antennas printed on passive RFID tags are placed
on a single conducting layer, it may be desirable
not to have a ground plane, have a simple feed
network and have a very useful and clear set of
design guidelines to result in a simple and desirable
printed antenna.

In this paper, two different metamaterial-based
designs for passive UHF RFID antennas are
presented. The first design is based on the
deformed omega structure presented in [28] and the
second design is based on the split-ring resonator
structure (SRR) [29]. Several advantages of the
designs presented in this paper are that these
antennas 1) do not need a ground plane; 2) are on a
single conducting layer; 3) have a single dielectric
substrate; 4) have simple feed networks; 5) are up
to 50% smaller than commercially available passive
RFID tags; 6) are comparable to the performance of
commercially available passive RFID tags; 7) are
simple to design; and 8) are easy to manufacture.
Many different layouts with different material
properties are studied. These different cases are
extensive and presented here to clearly show how
various dimensions and substrate values can be
used to lead to a successful antenna design. It is
believed that by using the results presented in this
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paper, an antenna designer will avoid costly
simulation times as well as less than desirable
performance from manufactured antennas. This is
especially important during the usually extensive
antenna design process.

This paper is organized in the following
manner. Section II introduces the deformed omega
structure-based meander-line RFID antenna.
Within this section simulations from commercial
software are compared to measurements for
accuracy and various configurations of the printed
antenna are modeled to illustrate the characteristics
of the antenna. Section III introduces the SRR-
based RFID antenna. Within this section various
configurations are modeled with commercial
software and the characteristics of these designs are
presented.  These sections are followed by a
conclusion in section V.

II. DEFORMED OMEGA STRUCTURE-
BASED MEANDER-LINE RFID
ANTENNA
A. The Three Different Meander-Line

Geometries

The first antenna presented is a meander-line
antenna with metamaterial elements. These
elements are based on the left-handed deformed
omega structure presented in [28]. A typical
element of a deformed omega structure is shown in
Fig. 1. Several meander-line sections are also
shown with s denoting the trace width, a denoting
the element width, k denoting the width between
the traces, p denoting the trace width of the
deformed omega element, m denoting the overall
width of the antenna, A denoting the height of the
deformed omega element and 6 denoting the height
of the meander-line sections.

Three different versions of the antenna in Fig. 1
were evaluated. These three versions are shown in
Fig. 2. Fig. 2 (a) is the meander-line antenna with
zero (N = 0) deformed omega elements, Fig. 2 (b)
is the meander-line antenna with two (N = 2)
deformed omega elements and Fig. 2 (c) is the
meander-line antenna with four (N = 4) deformed
omega elements. These three different designs
were studied to determine how the introduction of
the deformed omega elements into the meander-line
layout would affect the input impedance and gain
of the antenna. This information provides useful
guidelines for antenna designers.



one element of a

T deformed omega structure
S k\ h

v -
< >

Fig. 1. Deformed omega structure-based meander-
line RFID antenna dimensions [28].

= S
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(a) (b) ©

Fig. 2. (a) Layout of the omega structure with no
deformed omega elements (N = 0); (b) layout of the
omega structure with two deformed omega
elements (N = 2); (¢) layout of the omega structure
with four deformed omega elements (N = 4).

B. Validation of the Numerical Results with
Measurements

The first step in modeling the antennas in this
paper was to compare the simulated values with
measurements. To do this, the printed antenna in
Fig. 3 was manufactured on FR4 (¢, = 3.75
measured) with a thickness of d = 0.787 mm. The
input impedance was measured with a network
analyzer in an anechoic chamber (Fig. 4) using a
balanced probe [30] and was compared to the
simulation results from the commercial software
Advanced Design System (ADS) [31] by Agilent
Technologies. The results from these
measurements and simulations are shown in Fig. 5
(a). Figure 5 shows good agreement between the
measurements and simulations. The magnitude of
the electric field in the y-z and x-z planes is also
shown in Fig. 5 (b) and (c), respectively, along with
the simulated current distribution in part (d). This
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Fig. 3. Omega structure-based meander-line RFID
antenna (s = 0.5 mm, k = 1.0 mm, m = 42.2 mm, a
=5.0 mm, p=0.86 mm, 6 = 4.0 mm, A = 18.8 mm,
€ = 3.75 (measured) and d = 0.787 mm).

Fig. 4. Measuring the tag in an anechoic chamber.

shows that ADS is an accurate tool and can be used
to model the printed antennas investigated in this
paper. Therefore, because of the large number of
different designs in the following sections, ADS
will be wused exclusively to determine the
characteristics of the novel designs. It should also
be noted, that a passive RFID integrated circuit (IC)
was attached to the ports of the antenna in Fig. 3
and the performance (i.e., experimental read range)
of this tag was determined in an anechoic chamber
(Fig. 4). The read range was 4.5 m and was
comparable to commercially available tags that
were twice as large.

C. Results for Various Values of Substrate
Permittivity

The next step is to determine the characteristics
of the layout in Fig. 3 (or Fig. 1) for various values
of substrate permittivity. The results from these
simulations are shown in Figs. 6 - 8 for various
values of ¢,.

The results in Figs. 6 and 7 show that the
radiation resistance increases and the resonant
frequency decreases for larger values of €.  Figure
8 shows that the gain is only slightly reduced for
higher values of ;. This is desirable, because
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--B- Simulated

100 — Measured

Re(Zm) (c2)
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0.8 0.9 'I 1.1
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1000
--B-- Simulated
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Im(Zm) (€2)

()
20A/m’
0A/ m? B
(d)
Fig. 5. (a) Measured and simulated input

impedance of a deformed omega structure-based
meander-line RFID antenna; (b) simulated pattern
in the y-z plane; (¢) simulated pattern in the x-z
plane; (d) simulated surface current at 920 MHz.
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Fig. 8. Gain of the omega structure for various
values of ;.



typically electrically small antennas are very
capacitive and have a very small input resistance
below resonance. By increasing €, the antenna can
obtain  useful input  impedance  values
(approximately 10+j139 Q [6]) and the gain is only
reduced slightly.

D. Results for Various Values of Substrate
Thickness

The next step is to determine the characteristics
of the layout in Fig. 3 for various values of
substrate thickness d. The results from these
simulations are shown in Figs. 9 - 11 for various
values of d.

The results in Fig. 9 show that the radiation
resistance increases slightly for larger values of d
while the results in Fig. 10 show that the input
reactance can be significantly affected by d. Fig.
11 shows that the gain is only slightly reduced for
higher values of d. This is very useful information
to have, especially if it is anticipated that the RFID
tag will be placed on many different types of
materials and thick surfaces.

E. Results for Various Values of Deformed
Omega Elements

The next step is to determine the characteristics
of the layouts in Fig. 2 (a) — (c) for various values
of A and number of deformed omega elements N.
These layouts had the following dimensions: s =
0.5 mm, k= 1.0 mm, m =42.2 mm, a = 5.0 mm, p
= 0.86 mm, 6 = 4.0 mm, & = 2.2 and a substrate
thickness of d = 0.787 mm.

The results from these simulations are shown in
Figs. 12 - 14 for various values of N and A. The
results in Fig. 12 show that the radiation resistance
is reduced as more deformed omega elements are
removed as well as for smaller values of A. In Fig.
13 it is shown that the resonant frequency is
significantly reduced as deformed omega elements
are added to the design and for larger values of A.
Finally, Fig. 14 shows the gain is almost unaffected
by the different values of N and A.

F. Discussion and Design Guidelines

Several important comments can be made
about the results in Figs. 5 — 14.
1) In Figs. 6 — 7 and 9 — 10 it is shown that the
antenna resonates at a lower frequency for larger
values of €, and d, and that the input impedance can
be easily controlled with g, and d.
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Fig. 9. Input resistance of the omega structure for
various values of substrate thickness.
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Fig. 10. Input reactance of the omega structure for
various values of substrate thickness.
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Fig. 11. Gain of the omega structure for various
values of substrate thickness.
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Fig. 12. Input resistance of the omega structure for
various values of N and A for the deformed omega
elements.
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Fig. 13. Input reactance of the omega structure for
various values of N and A for the deformed omega
elements.
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Fig. 14. Gain of the omega structure for various
values of N and A for the deformed omega
elements.
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2) From the results in Figs. 12 — 13 it can be
concluded that by adding more deformed omega
elements to the meander-line antenna, the input
resistance is only slightly changed but the resonant
frequency is significantly reduced.

3) In Figs. 8, 11 and 14 it is shown that the gain is
consistent for the various configurations.

4) The printed antenna design in Fig. 3 resonates at
a width of m = 0.112%¢ where A, the free space
wavelength of the source.

5) Fig. 5 shows the largest gain is broadside to the
antenna.

These results show the antenna in Fig. 1 can
have many different values of input impedance
while maintaining a consistent gain. This can be
very useful in many design situations. Typically,
when the dimensions of an antenna are changed or
the antenna is placed on many different substrates,
both the input impedance and gain of the antenna
are significantly affected. This then requires a new
design with both the input impedance and desired
gain in mind. The design in Fig. 1 reduces this
design effort by providing a good gain in all the
cases above with flexible impedance values.

It is shown in Fig. 13 that the input impedance
of the layout in Fig. 2 (b) is more inductive (i.e.,
resonates at a lower frequency) than the layout in
Fig. 2 (a). The layout in Fig. 2 (b) is a meander-
line antenna with a single deformed omega
element. The impedance of each deformed omega
element can be approximated as two loops with a
constant current connected in parallel.  This
impedance can be approximated for small values of
&, with the following equation [32]:

Z, = lja)yoa{ln(g—aj—% Q (1)
2 p

where a and p are defined in Fig. 1. By using (1) a
designer can approximate the impact of introducing
the deformed omega structure to an antenna design.

ITI. SPLIT-RING RESONATOR-BASED
RFID ANTENNA
The next antenna discussed is the split-ring
resonator-based RFID antenna shown in Fig. 15.
This antenna has two SRRs attached to each side of
the RFID IC. The radius of the inner ring is
denoted as r, the width of each ring is denoted as t,
the gap between the rings is denoted as g, the gap
on either end of the rings is denoted as w and the
gap between the ports as h. For this section, the



thickness of the substrate is again denoted as d.
The layout in Fig. 15 is used in all the simulations,
but the dimensions are scaled and the substrate
characteristics are changed to determine the
behavior of the input impedance and gain of the
antenna. Figure 16 (a) shows a manufactured
version of the SRR antenna in Fig. 15. The
magnitude of the electric field in the y-z plane is
also shown in Fig. 16 (b) along with the simulated
current distribution in Fig. 16 (c).

It should also be mentioned that the design in Fig.
16 a) had a max read range 1.5 m. It is anticipated
that by placing the design on a substrate with a
smaller value of g, a smaller value of d and
appropriate dimensions, the read range could be
greatly improved.

A. Results for Various Values of Substrate
Permittivity

The next step is to determine the characteristics
of the layout in Fig. 16 (a) for various values of
substrate permittivity.  The results from these
simulations are shown in Figs. 17 - 19 for various
values of ¢,.

The results in Fig. 17 show that the radiation
resistance increases for larger values of €, while the
results in Fig. 18 show that the resonant frequency
significantly reduces for larger values of e.
Figure 19 shows that the gain varies only slightly
for various values of g,. The characteristics of the
input impedance observed in Figs. 17 — 18 are very
desirable. In particular, Fig. 18 shows that the
resonance of the antenna in Fig. 16 can be below
800 MHz. This lower resonance is very significant
because the antenna is resonating at an overall
length that is a fraction (q < .15A) of the free-space
wavelength of the source. This then results in an
inductive input reactance for frequencies above
resonance, which are desirable for appropriate
matching to RFID ICs [6], [10], [26].

B. Results for Various Values of Substrate
Thickness

The next step is to determine the characteristics
of the layout in Fig. 16 (a) for various values of
substrate thickness. = The results from these
simulations are shown in Figs. 20 - 22 for various
values of d.

The results in Figs. 20 and 21 show the input
impedance can be significantly affected by the
substrate thickness. In particular, Fig. 21 shows the
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antenna resonates at a lower frequency for thicker
substrates. Similarly, the gain plot in Fig. 22 shows
a larger gain is achieved for smaller values of d.
Therefore, this type of antenna may be best suited
for being printed on thin dielectric adhesives.

g q |

-
=

Fig. 15. Dimensions of the split-ring resonator-
based RFID antenna.

{ ¥
g Sy

VI | |
: q S 6

mﬁ L e
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Fig. 16. (a) Manufactured split-ring resonator-based
RFID antenna (r = 11.135 mm, t = 0.89 mm, g =
0.44 mm, q = 56.28 mm, w = 0.89 mm, h = 1.54
mm, & = 3.75 (measured) and d = 0.787 mm); (b)
simulated pattern in the y-z plane; (c) simulated
surface current at 920 MHz.
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C. Results for Various Values of r

The next step is to determine the characteristics
of the layouts in Fig. 15 for various overall
dimensions.  This was done by scaling the
following dimensions by 0.95 and 1.05: r=11.135
mm, t =0.89 mm, g =0.44 mm, q = 56.28 mm, w =
0.89 mm, h = 1.54 mm and ¢, = 3.75. The results
from these simulations are shown in Figs. 23 - 25.

The results in Figs. 23 and 24 shows a slightly
larger or smaller scale can significantly impact the
input impedance. Finally, Fig. 25 shows that the
gain is generally improved with a larger antenna.
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Fig. 17. Input resistance of the SRR structure for
various values of ..
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Fig. 18. Input reactance of the SRR structure for
various values of g,.
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D. Discussion and Design Guidelines

Several important comments can be made about
the results in Figs. 16 — 25.

1) In Figs. 17 — 18 and 20 — 21 it is shown that the
antenna resonates at a lower frequency for larger
values of &, and d, and that the input reactance can
be controlled with these values.

2) In Figs. 19 and 22 it is shown that the gain of
the SRR-based antenna can be significantly
impacted by the larger values of €, and d.

3) It can be concluded from Figs. 23 — 25 that
scaling the antenna can affect both the gain and
input impedance of the antenna.

4) The layout in Fig. 16 resonates at a width of q =
0.138A,.

5) In Fig. 16 it is shown that the largest gain is
broadside to the antenna.

The previous results show that the antenna in
Fig. 15 can have many different values of input
impedance and gain. In particular, Fig. 22 shows
that the SRR has the largest gain for smaller
dielectric substrates. This can be very useful in
many design situations such as using RFID tags to
track hospital records. In this situation RFID tags
are placed on each individual folder of information,
which can be represented as a very thin dielectric.

IV. CONCLUSION
Two novel compact metamaterial-based
antenna designs for UHF RFID tags are presented.
The first design is based on a deformed omega
structure found in left-handed designs and the
second design is based on SRRs which are used in
the designs of left-handed material. For both
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designs the value of the permittivity was varied, the
substrate thickness was varied and several different
layouts were investigated. This resulted in a very
thorough understanding of the characteristics of
both designs. It has been shown that the deformed
omega-based antenna is more suitable for an
application on a thicker substrate while the SRR-
based antenna is more suitable for applications with
thin adhesive type substrates. Finally, in all cases
the antennas presented here are very simple to
design, very simple to manufacture, resonate at
dimensions less than 0.154, and are comparable to
the performance of commercially available passive
RFID tags with larger overall dimensions.
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Abstract — This paper presents a passive HF-UHF
RFID integrated transponder for the identification
of a moving vehicle. It consists of a single ISO
7810 ID-1 Card where both a UHF meander dipole
antenna and an ISO 15693 commercial tag are
arranged. The UHF antenna is designed by using a
parametric analysis of the optimal shape of the
meanders to obtain a proper conjugate matching
between the antenna and the RFID microchip. A
single-lane identification scenario is presented and
simulated. The effects of the electromagnetic
reflection and diffraction on the reading range as
well as on the identification operations of a tagged
vehicle are also investigated. Numerical
simulations and experimental results on a
prototype of the conduced transponder confirm the
possibility of using this technology for the
identification of a moving vehicle approaching a
road-toll system with a relatively slow speed.

Index Terms—RFID, UHF tag, HF tag,
integrated transponder, moving vehicle.

I. INTRODUCTION

Radio Frequency Identification (RFID) is a
recent outstanding technology which permits the
identification and tracking of objects by using
wireless data exchange between a reader station
and small transponders or tags located on the
objects to be identified [1]. Typically these RFID
tags are composed of an integrated microchip and
an electromagnetic coupling element or antenna.
The identification process takes place through an
RFID reader which interrogates a specific volume

and collects information about the objects,
exchanging wireless data with the object's tags
located in the mentioned volume. RFID systems
may be active or passive depending on whether the
tags have their own power supply.

RFID systems operating at HF band (13.56
MHz) are widely used in the areas of ticketing,
personnel access control and object tracking.
These systems employ the near field inductive
coupling to transfer energy and binary data
between the reader and the tags. They are
characterized by an excellent immunity to
environmental noise and electrical interference
and exhibit a minimal shielding effect from
adjacent objects and human body. However, limits
are imposed on the permitted magnetic field
strength due to country regulations. This limitation
has resulted in the maximum achievable reading
range of approximately 1 m.

RFID systems operating at higher frequencies,
especially at the UHF band, allowing us to obtain
middle to long range wireless links combined with
good reliability of the communication. Passive
RFID systems at UHF (865-868 MHz in Europe,
902-928 MHz in North and South America and
950-956 MHz in Japan) and microwave (2.45
GHz) bands use the modulated scattered technique
to establish a radio link between the reader and the
tags. Here, the reflected signal from the tag is
modulated by an integrated microchip (IC) directly
connected to the antenna. As a consequence, RFID
transponder performances are strongly affected by
the frequency-dependent impedance match
between antenna and IC. However, in these
frequency ranges it is possible to resort to antennas
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with far smaller dimensions and greater efficiency
than that employed at frequency ranges below 30
MHz. Depending on the IC sensitivity and on the
tag antenna performances, typical ranges of 4-6 m
can now be achieved using passive UHF
backscatter transponders. Typical applications of
these RFID systems are in logistic as well as
access control services.

The continuous growing of the market demand
has promoted intense research on RFID systems
for non conventional applications. Among which
significant efforts have been made in developing
RFID tags and intelligent transponders for vehicle
to road-side communications to automate
vehicular  control access and road-tolling
operations [2, [3]. Moving vehicles are typically
identified by active tags due to their largely
extended communication range and high
operational efficiency [4]. However, the use of
active tags presents some impairments, such as the
high cost for mass production when compared to
passive ones, and the life expectancy of the
battery. Moreover, the long reading distance may
cause some problems in controlling the reader
detection volume, which may result in possible
wrong detections by the reader when it operates in
a multi-lane identification environment. The use of
passive tags is more advantageous due to their low
cost, compactness and maintenance free nature.

This paper presents and analyzes an RFID
passive integrated HF-UHF tag for the
identification of moving vehicles within a mono-
lane scenario. It is found that this type of
transponder may be used in all the multi-service
applications where a high level of interoperability
between different systems is required [5], [6]. The
integrated UHF-HF RFID passive tag is composed
of a UHF meander dipole antenna operating at the
European band (865-870 MHz) and an HF (13.56
MHz) ISO 15693 commercial tag arranged in two
separate sections on an equivalent ISO 7810 ID-1
card space. The UHF antenna has been designed to
provide small size and proper conjugate matching
to the high-capacitive input impedance of the tag
IC. The antenna design has been optimized, taking
into account both the presence of the commercial
ISO 15693 tag located in the HF section and the
presence of the car windshield. UHF antenna
characteristics, including both the return loss with
respect to the IC input impedance and radiation
pattern, are investigated. In order to assess the
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effects of the various reflection and diffraction
contributions originated by the presence of the car
body, which may reach the passive tag, a single-
lane vehicle identification scenario 1is also
simulated and analyzed. It is found that in some
conditions the presence of multiple paths tends to
enhance the minimum field intensity required to
activate a passive tag, thus improving the
achievable reading distance. Finally, a prototype
of the integrated transponder printed on FR4
substrate has been developed and tested in a real
scenario. Experimental tests have shown a good
overall performance of the transponder, and have
confirmed a possible increase of the tag
performances in terms of reading distance in
presence of the car body.

I1. TRANSPONDER STRUCTURE

One of the main challenges of this work is to
accommodate two different passive tags operating
at HF and UHF bands, with their own radiating
structures on a single ISO 7810 ID-1 Card .
Typical dimensions of an ISO 7810 ID-1 Card are
85.72 x 54.03 mm which also represent the space
available to integrate the two tags. During the
design process, it is essential to find the best
tradeoff between the space occupied by the tags
and the desired operational requirements.
Moreover, the final layout has to satisfy the typical
RFID requirements in terms of flexibility and low
cost for mass production. The above requirements
can be achieved by designing a UHF uniplanar
single-layered dipole-type antenna with reduced
size to take advantage of the common PCB
techniques as well as the low cost. In addition, to
improve the transponder performance, a correct
conjugate impedance matching between antenna
and tag IC has to be obtained. Passive ICs are
intrinsically highly reactive because of the
necessary power to bias the IC front-end, which is
delivered through electromagnetic coupling. In
this case, due to the low input resistance and the
relatively high capacitive reactance of the IC,
antennas with a low resistive and highly inductive
input impedance have to be designed to achieve a
conjugate match the IC. A simple way to reduce
the size of a dipole antenna and to obtain both a
relatively high inductive input impedance and
reliable radiation characteristics is to resort to a T-
match dipole antenna with meandered arms
[5],[71,[8]. The antenna layout is shown in Fig. 1
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where the geometrical parameters of the antenna

are also indicated.
i

Glass =6.5 §

" Slab (FR4)

Fig. 1. UHF tag antenna layout and simulation
model.

The RFID chip chosen to connect to the
prototype antenna is a UHF Gen2 Strap kindly
provided by Texas, with an estimated packaged
chip input impedance of Z =(11-,63)Q and a
power sensitivity P, =-13 dBmat /=867 MHz.

In RFID systems operating at HF band (13.56
MHz), the tag coupling element is typically
constituted by a planar coil antenna that may be
built at low cost using etching or common screen
printing technique. Concerning the HF section,
due the wide availability of commercial inlays, we
chose to resort to a commercial ISO 15693 Tag
constituted by a copper wire deposited antenna
coil connected to a Philips I-Code RFID chip. This
commercial Tag is 52 mm x 41 mm thus leaving
an available space of about 81 mm x 12 mm for
the UHF antenna. However, to take into account
the presence of the HF antenna coil while
designing the UHF tag, a 6-turn rectangular loop
coil is considered in the numerical simulations, as
illustrated in Fig. 2. The prototype transponder has
been derived on a single grounded low cost FR4
dielectric slab (U=4.4, h=0.8 mm) and has

been design to operate at the European licensed
UHF band (center frequency f =867 MHz). The

proposed arrangement provides a satisfactory
overall tag performance with respect to other
conceivable layouts.

III. UHF ANTENNA DESIGN AND
ANALYSIS
The UHF antenna has been designed and
optimized using a commercial electromagnetic
simulation software. The main goal of the design
has been to tune the antenna input impedance in
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such a way to be the conjugate of the microchip
characteristic impedance when the tag is in the
operative environment. Numerical simulations are
first carried out by modeling the presence of the
car windshield near the tag antenna. The glass has
been modeled as a planar dielectric layer of
thickness 7,=5 mm, with relative dielectric

permittivity UJ=6.5 located at a distance h,=2

mm from the antenna, as shown in the second part

of Fig. 1.
!

= o

Fig. 2. UHF-HF integrated transponder layout.

A. Return Loss

As mentioned above, a proper impedance
match between the antenna and the IC is very
important in order to maximize the tag
performances. In RFID tags, the antenna is
directly connected to the chip, which typically
exhibits a high-capacitive input impedance. To
obtain a better conjugate impedance match, it is
important to minimize the Kurokawa's power

reflection coefficient |s|> [9], [10], where s is
defined by

Z -7
g=—¢ " 1
Z.+Z, )

where Z, is the complex antenna impedance and
Z,  is the complex IC input impedance. The
maximum reading range D, of an RFID system

is directly affected by the power reflection
coefficient and can be computed using the Friis
free-space formula as

i [P,G, )
-~ erp 7 r 1= 1s 2
=4\ P p=[s[") )

where A is the wavelength, P

eirp

is the equivalent



isotropic radiated power transmitted by the reader,
G, is the tag antenna gain, P, is the minimum

I

power required to activate the chip, and p is the
polarization loss factor.

Isl (dB)
5

-20

-25

T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
D, (M)

Fig. 3. Return loss as a function of the maximum
achievable reading range for different tag antenna
gain (P,=-13dBm, p=0.5, [f=867MHz,
P, =3516 dBm).

In Fig. 3 the return loss as a function of the
maximum achievable reading range, for a given
antenna gain G,, is reported. Calculations are
P, =-13dBm,
frequency f =867MHz, polarization loss factor

made for a chip sensitivity

p=0.5, and for the maximum allowed P(_,l.rp by
=35.16 dBm). It is

shown that for a given EIRP tag antenna gain, the
reading range may not be significantly increased
by increasing the return loss over about -15dB to -
17dB. These return loss values can be considered
as the impedance match requirements in order to
obtain good tag performance.

Among all the geometrical parameters
considered in the design process, the key ones are
the vertical /, and the horizontal /, length of the

the European regulations (7,

meander line branches, as well as the length /, of
the final arms. As is well known, the length of a
resonating dipole must be approximately half of
the wavelength at the operational frequency. The
geometrical dimensions of the T-match, which
comprise the two parameters ¢ and /,, have been
dictated by the size of the chip pads. As a first
step, the design parameters were set such that the
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30

Re(Z, )

£ (MHz)
Fig. 4. Real part of the antenna input impedance
for different values of n=1 /1.

5

Im(z,)

f(MH2)
Fig. 5. Imaginary part of the antenna input
impedance for different values of =1 /1.

total length of the dipole measured at the median
line was half wavelength at f=867 MHz,
provided that the dipole could fit the space
available for the UHF section. The length of the
final arm [/, was initially chosen between the
maximum and minimum values feasible. This
allows us to tune the antenna around the desired
frequency. A capacitor connected in series to the
feeding port of the antenna has been used in the
simulations to take into account the capacitive part
of the microchip impedance. Concerning the shape
of the meanders, there is not a unique choice for /,

and /. To better select these values, once the total

length of the dipole is fixed, we analyzed the
behavior of the antenna input impedance for
several ratios =1/ /[, . Figures 4 and 5 show the

impedance curves for different values of 7.
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In Fig. 5 we can observe that for every value
of 7 considered in the simulations the dipole is

almost resonant within the band of interest, since
the imaginary part of the impedance is vanishing,.
This is because the resonant frequency mostly
depends on the length of the dipole, which is kept
constant. From Fig. 4 we notice that for =4, the

antenna impedance exhibits a real part of about 11
Q at f=865MHz, thus suggesting a good

conjugate matching between antenna and
microchip impedance at that frequency. The
frequency shift between this result and the initial
guess is mainly due to the T-match feeding, since
the T-match can modify the electrical length of the
dipole. In the last step, the fine tuning to the
frequency f=867 MHz can be achieved by
modifying the length / of the final arms of the
dipole without significantly changing the
impedance matching between antenna and
microchip. The final geometrical dimensions of
the meandered dipole antenna are w=1.5mm,
[=8lmm, h,=8mm, /[ =1.5mm, /,=11mm,
[,=6mm, /[, =5mm, t=13.24 mm.

In Fig. 6, the magnitude of the input reflection
coefficient is reported. For this antenna, the -10dB
bandwidth is approximately 45 MHz, due to the
low input impedance quality factor of the IC (~
5.8).

0

20 4

sy, (dB)

-30 4

-40 4

-50

800 8;0 81;.0 8(‘50 se;o 9(‘)0 9;0 940
f (MH2)
Fig. 6. Antenna input reflection coefficient.

B. Radiation Pattern

The simulated E- and H-plane radiation
patterns at f =867 MHz of the co-polar
components for the proposed antenna in the final
configuration are shown in Fig. 7. These curves
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show that the obtained radiation patterns are
somewhat similar to that of a typical dipole. It is
also observed that the maximum of the radiation
pattern in the H-plane plane is slightly tilted
towards the side where the HF coil antenna is
located. However it is expected that this effect
does not significantly influence the overall
performance of the transponder in the direction
perpendicular to the dipole plane. Simulations
have also shown about 1.5 dB antenna gain at the
working frequency.

20

E-plane
— — — H-plane

180
Fig. 7. E-plane (continuous line) and H-plane

(dashed line) radiation patterns at 867 MHz.

IV. SINGLE-LANE VEHICLE
IDENTIFICATION SCENARIO

In operative conditions the identification of a
moving vehicle can be difficult because of
multiple path signals that may reach the passive
tag during the interrogating operations. Multiple
paths are mainly due to reflections and diffractions
that occur at the metallic surfaces and edges of the
car body. In particular, it is expected that the
dominant phenomena are associated with the
reflection from the hood of the car and with the
diffractions at the surrounding metallic edges of
the windshield. To estimate the amount of these
interferences and their effects on the performances
of the passive tag when located on the windshield
of a car, a single-lane identification scenario has
been conceived and implemented using a
commercial numerical code (Feko). The model
implemented consists of a part of the metallic car
body with a planar glass windshield illuminated by



a circularly polarized patch antenna operating at
867 MHz, as illustrated in Fig. 8. The antenna is
centered with respect to the lane width and the
height over the lane is /4, =5.5m. The beam axis

of the antenna is tilted from the horizontal by a
6, =60° angle. The transmitted ERP of the

antenna has been set to 2W and, taking into
account all the other parameters, the activating
electric field intensity for the chosen chip is about
2.5 V/m. In order to limit the computational
burden, the car model is constituted of solely the
parts that contribute to the reflected or diffracted
field at the tag position, as illustrated in Fig. 8.
The windshield of the car is modeled by a planar
glass of thickness 7, =5mm and dielectric

permittivity (J=6.5. The total electric field has

been observed on a rectangular plane located
inside the car parallel to the windshield at a
distance of about 2 mm. By symmetry the
observation plane is taken to be half of the
windshield, with the origin of the x-axis
corresponding to the centre of the lower-edge of
the windshield and marching towards the lateral
edge of the windshield on the x-axis.

Reader antenna

Car body

 Windshield

Fig. 8. Simulated single-lane vehicle identification
scenario.

As an example, the simulated total electric
field intensity at the observation plane for a
distance d,, = 2m has been reported in Figs. 9 and

10.

The case of free space, where both the car and
lane are not present, is shown in Fig. 9. It is
observed that the field footprint is dictated by the
radiation pattern of the antenna, and that the field
intensity in the most part of the windshield is very
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Y-Size

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X-Size
Fig. 9. Electric field intensity at the observation
plane without the car body.

Y-Size

X-Size

Fig. 10. Electric field intensity (V/m) at the
observation plane in presence of the car body.

close to the activation threshold. A completely
different situation is shown Fig. 10 where the car
body is present.

It is shown that diffractions and reflections by
the car body can cause an enhancement of the field
intensity in regions near the upper portion of the
glass. In these parts of the windshield the total
electric field intensity may be significantly higher
than the activation threshold. Moreover, due to the
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particular geometry configuration, these effects
tend to remain rather constant also when the car is
moving inside the beam footprint. As a result, the
physical gate useful for radio communications that
is created with the combination of these effects
can be quite large and permits the implementation
of a non-stop tolling system.

V. EXPERIMENTAL RESULTS
A prototype of the integrated transponder at

the European band (f =867 MHz) with the
proposed antenna has been built using FR4
(U=4.4, thickness 7#=0.8mm) as a substrate

and copper for the traces.

Fig. 11. Prototype of the integrated transponder.

A picture of the prototype is shown in Fig. 11.
As mentioned above, the commercial ISO 15693
Tag consists of a copper wire antenna coil
deposited on a plastic flexible substrate, which can
be easily placed next to the UHF tag antenna. The
reading range for the tag has been measured by
using a setup composed of a UHF Reader and
circularly polarized antenna with gain G, =9 dBc.

In order to test the maximum reading range of
the integrated transponder when placed on the
windshield, the reader antenna was first positioned
in front of the car under test, such that the tag was
illuminated directly by the reader antenna beam.
Table 1 shows the measured maximum reading
distance of the UHF tag of the integrated
transponder when it is equipped with the HF tag.

Table 1: Maximum reading distance.

Position A Position B
Car type 1 9.1m 8.5m
Car type 2 7.6 m 8.9 m
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Test results have been obtained for two
different types of car and two different positions of
the transponder on the windshield. The two
positions A and B refer to an upper central and
upper lateral position of the transponder on the
windshield, respectively, and are illustrated in Fig.
12.

(b) Upper central position (B)

Fig. 12. Tag position on the windshield during the
tests.

It is found that the maximum reading distance
is significantly higher than the one expected in
free space, thus substantiating an enhancement of
the field intensity near the glass-metal junction of
the windshield. An uninterrupted reading
capability is observed when reducing the distance
as the vehicle moves. The measurements show that
the presence of the HF coil does not significantly
degrade the tag performance. Finally, preliminary
tests have also been conducted in a real scenario to
establish the number of times a vehicle is
identified while approaching a portal-frame
equipped with an overhead reader set-up. Test
results show that the car type 1 equipped with the
proposed tag in position A can be identified al
least 2 times, up to a vehicle speed of about 40
Km/h.

VI. CONCLUSION

In this paper an RFID passive integrated HF-
UHF tags for the identification of moving vehicles
within a mono-lane system for road-toll operations
has been presented and analyzed. The passive
transponder operates within the European band
(865-870 MHZ) and it consists of both a UHF tag
and an ISO 15693 commercial tag, arranged in



two separate sections on a single ISO 7810 ID-1
card. A design process of the UHF tag antenna
which allowed us to obtain a relatively small
antenna with proper conjugate matching to the
capacitive input impedance of the chosen tag IC
has been presented. Simulation results have shown
an antenna gain of about 1.5 dB and a power
reflection coefficient with a -10 dB bandwidth of
about 45 MHz. The radiation patterns produced by
the simulations agree with the ones of a typical
planar dipole antenna. A single-lane identification
scenario has also been conceived and simulated,
with the aim of analyzing the effects of the various
reflection and diffraction phenomena originating
at the car body on the identification operations.
Simulation results have shown that, for the chosen
configuration of the set-up, multiple path
phenomena may cause an enhancement of the field
intensity near the upper glass-metal junction of the
windshield. This phenomenon may be used to
obtain a reading zone useful for the identification
of a moving vehicle approaching a road-toll
system with a relatively slow speed. A prototype
of the integrated transponder has been built and
tested in a real scenario. Test results have
confirmed the good performance of the integrated
transponder and have shown an uninterrupted
identification capability of a tagged-car up to
distances greater then the ones expected for a free
space scenario.
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Abstract— In this paper, a neural network is applied
to reconstruct the permittivity profile of a three-
section passive sensor for RFID applications. Input
reflection coefficients of the wave backscattered
from a RF tag, over the frequency range 1-5 GHz,
are used to estimate the material parameters. A neu-
ral network incorporating the Levenberg Marquardt
algorithm is evaluated in terms of average absolute
error, regression analysis and computational effi-
ciency. Suitability of the algorithm is verified using
both simulated and measured data, and accurate
results are obtained while avoiding computational
complexity. The methodology developed in this pa-
per can be successfully used for passive sensing
applications involving RFID technology to inves-
tigate and reconstruct a material profile altered by
environmental variables.

Index Terms— RFID, sensors, neural networks, in-
verse scattering

I. INTRODUCTION

Radio frequency identification (RFID) has been
successfully used across a number of tracking and
sensing applications. Recent development of mate-
rials whose permittivity parameters can change sig-
nificantly with environmental conditions suggests
the possibility of constructing a passive RFID sen-
sor that can be interrogated remotely to extract data
about the environment at the sensor [1]. A simple
passive sensor of this type consists of an antenna
attached to a microstrip transmission line, which in
turn is routed over one or more sections of variable
permittivity material before being terminated in a
load. In the following, we explore the feasibility
of reconstructing the permittivity profile of a three-
section sensor of this type by using the backscatter
from this sensor over frequencies in the range 1 -
5 GHz. Neural networks are employed to re-create
the permittivity profile from the received data.

The problem of identifying medium properties
from waves reflected from a device of this type
is a form of the classical one dimensional inverse
scattering problem. For profile inversion in a lossy
inhomogeneous media, analytical techniques are
difficult to implement in most practical situations,

and thus various numerical techniques have been
investigated [2]. Researchers have been employing
methods such as the finite difference time domain
technique [3] and 1-port and 2-port measurements
[4] for extracting the material properties from the
information contained in reflected or transmitted
waves. Artificial neural networks have been em-
ployed across a wide field of applications, includ-
ing inverse electromagnetic problems [5], [6], and
[7]. Exploiting a priori knowledge of the geometry,
neural networks incorporating a backpropagation
algorithm were able to retrieve the radius position
and dielectric permittivity of a circular cylinder
[8]. Neural networks have also demonstrated the
ability to reconstruct the permittivity profile of ho-
mogeneous cylinders in free space and detecting
the position of cylinders [9]. The effective use
of neural networks to determine non-smooth, one-
dimensional profiles of an inhomogeneous layer has
been investigated with noisy data by Yaman and
Simesek [10].

The sensor is explained in the following sec-
tion. The complex reflection coefficient is calcu-
lated using signal flow theory as described in sec-
tion III. A brief introduction to neural networks,
with details on the specific approach used in this
investigation, is given in section IV. The feasibility
study and results are demonstrated in sections V and
VL

II. REMS SENSOR CONCEPT

A sensor concept based on reflected electro-
material signatures (REMS) consists of three dis-
tinct components working together to provide pas-
sive sensing capability of environment information.
The first component is the electro-material line,
a chemical strip sandwiched between the ground
plane and top trace of an RF tag’s microstrip trans-
mission line. The second component, the reflector
circuitry, consists of the transmission line itself,
the radio-frequency integrated circuit (RFIC) that
performs backscatter and identification functions,
and any RF tag antennas. Finally, an RF reader
must be used to interrogate the REMS sensor as
well as performs the signal-processing for data ex-
traction. These components are illustrated in Fig. 1

1054-4887 © 2010 ACES
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Fig. 1. Components of a REMS Sensor.

Conceivably, the REMS concept could be imple-
mented with existing UHF or microwave passive
RFID integrated circuits, greatly lowering cost and
allowing passive interrogation of the sensor. In a
conventional backscatter RFID system, the signal
is reflected from a binary-switched load, providing
two potential frequency-dependent measurements
for extracting material line parameters [11]. Since
an RFID reader filters out unmodulated scatter com-
ponents, an RFID-based REMS sensor would allow
a much more precise measurement compared to
other forms of remote sensing.

Any material that has environmental sensitivity
to permeability, permittivity, or conductivity may
be a candidate for the electro-material line in the
REMS sensor. For example, a simple instantaneous
temperature sensor could incorporate thermotropic
liquid crystals. These types of liquid crystals expe-
rience state disordering upon heating, leading to a
change in their electrical (and optical) properties
[12, 13]. A common, everyday example of these
liquid crystals are the disposable thermometer mag-
nets that allow temperature readouts to become visi-
ble through a graded liquid crystal film. Another ex-
ample of candidate material may be a line substrate
doped with ferroelectric or super-paramagnetic par-
ticles [14]. Such a device could use the nonlinear
relationship between field and flux density compo-
nents to sense external field strengths. The REMS
sensor concept may also allow for materials that
time-record environmental attributes, thus provid-
ing a form of chemical memory rather than elec-
trical memory that would achieve a completely
passive sensor. This type of sensor functionality
cannot be achieved under today’s ‘system on a
chip’ paradigm, which still requires external power
supplies for electronic memory recording functions.
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Fig. 2. The microstrip line model with three discrete
segments having different permittivity profiles, ter-
minated in a load to emulate a REMS sensor with
three wells of sensor material.

II1. CALCULATING REFLECTION
COEFFICIENT FROM
TRANSMISSION LINE MODEL

A REMS reader is an RF transceiver that mea-
sures modulated backscatter signals from the RF
tag. To test the REMS concept, the sensor is mod-
eled using three cascaded microstrip transmission
lines, emulating a three part step discontinuity in
the electro-material line. Each cascaded microstrip
line is 1.25cm long and 0.5¢cm wide with a substrate
height of 0.05cm. Different dielectric materials in
the segments are used to emulate a REMS sensor
with three wells of sensor material. The line is
terminated in a resistive load. As the transmission
line geometry is not specifically designed for a
characteristic impedance of 50(2, this load causes
part of the wave to be absorbed and part reflected
back. The microstrip line model with three discrete
segments having different permittivity profiles is
shown in Fig. 2. For the frequency range of 1-
5GHz, the relative permittivity, €,., of each segment
was swept across a range of values, and the values
of reflection coefficient, I';, at the input of the
system were computed. Each transmission line acts
as a two port network, and the complete system of
the cascaded lines can be analyzed in terms of S-
parameters and signal flow graphs [15], using Eq. 1.

S1251 'z

—_— 1
1 — Sl M

I'iv = L. Si1 +
ai

The complex-valued reflection coefficient contains
information about magnitude as well as phase,
and both will be used by the inversion algorithm.
To demonstrate how the frequency-swept measure-
ment of an RF reader changes for slight pertur-
bations in the permittivity profiles, the dielectric
constant of the second bin was changed for four
different values, as illustrated in Fig. 3, and the
reflection coefficient was calculated for each case.
The effect on magnitude and phase of I';,,, between
four values of €,5, with €,y = 2.5 and ¢,3 = 3.5, is
shown in Fig. 4 and Fig. 5, respectively. Significant
alterations are observed in the magnitude and phase
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Fig. 3. The transmission line model of the RF tag,
illustrating four changing permittivity profiles of
the center well of the REMS sensor.
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Fig. 4. Magnitude of 'y for €0 = 2,3, 4 and 5
calculated from the signal flow graph.

of the wave scattered out of the tag. Theoretically,
every material profile will produce a unique fre-
quency sweep - although designing a wide range of
switchable loads (Z4, Zp, and possible more) will
greatly affect measurement resolution and sensitiv-

ity.

IV. NEURAL NETWORK

The idea of neural networks evolved in late
19th century in an attempt to understand how the
human brain functions. The concept of decentral-
ized network units (neurons) was introduced in
1943 when McCulloch and Pitts developed the first
mathematical model of a neuron [16]. Inspired from
brain function, the neural network is generally used
to solve artificial intelligence problems without re-
quiring a model of the system. Neural networks are
adjusted and trained to solve problems that are diffi-
cult to solve using conventional techniques and are
extremely useful in pattern recognition and function
approximation problems. In this paper, a neural
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calculated from the signal flow graph.

network is used to extract the material properties of
the microstrip transmission line structure based on
the reflection coefficient of a backscattered wave.

In a typical single neuron having a scalar input
p, p is multiplied with a weight w and added to a
bias/offset b. A neuron may or may not have the
bias/offset. The output n (net input) of the sum-
mer forms the argument of an activation function
(transfer function) f, whose output a is the output
of the neuron. The activation function is chosen by
the designer, while the weight and bias (if used)
are adjusted by some learning rule [17]. The output
function is described by Eq. 2.

a = f(wp+b) @

For many systems, one neuron is insufficient
and therefore multiple neurons and multiple neuron
layers are used, as depicted in Fig. 6. For one such
layer comprising S neurons, there may be an arbi-
trary number of inputs R, each connected to all S
neurons. The resulting weight matrix has dimension
S x R. The number of neurons is independent of
the number of rows and columns [17]. All neurons
usually have the same transfer function, although
this is not always the case [17]. In the event that one
layer of multiple neurons is inadequate, a network
with additional (hidden) layers can be used. Each
layer has its own weight matrix W, bias vector b,
net input vector n and output vector a. For R inputs
and S! neurons in the first layer, the second layer
can be considered as a layer with S! inputs, S2
neurons and a weight matrix of order S* x S2. Input
to the second layer is a' and its output is the input
to the next layer. The final output, a3, is given by
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Eq. 3.

CLS _ fS(ngQ(WZfl(Wlp-i-bl)+b2)+b3) (3)

The transfer function may be linear or nonlin-
ear depending upon the problem. The three most
commonly used transfer functions are the hardlimit
transfer function, the /inear transfer function, and
logsigmoidal transfer function [16]. The logsig-
moidal transfer function takes an input from minus
infinity to plus infinity and compresses the output
into the range 0 to 1 according to the expression in
Eq. 4. It is the most typically used transfer function
in backpropagation algorithms and is used in this
work as well.

1

= Tren

4
A. Training Algorithms

The weights described in the previous section
must be determined by a training process that at-
tempts to match the actual output of the neural
network with the desired output for a training data
set. Function approximation problems are typically
solved using backpropagation algorithms, which
require the activation function to be differentiable.
A common implementation is known as the delta
rule, given by Eq. 5 for the 5" neuron and the 7*"
weight, where « is the constant learning rate, ¢; is
the target output, y; is the actual output and g(x) is
the activation function.

Awj; = oty —y;)g (hj)x; (5)

Eq. 5 provides the adjustment in weights during one
step of the training process.

The training algorithm must minimize the error
between the desired and actual network outputs as
quickly as possible. The learning rate (denoted by «
or [, ) is a critical parameter in every algorithm. If
[, 1s too large, the algorithm may be unstable, and if
[, is too small, the algorithm converges too slowly.
A variety of heuristic or numerical optimization
algorithms are reported in the literature [17, 18,
19, 20, 21, 22]. Each algorithm has its own merits
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and demerits depending upon the type of problem
and computing resources. The gradient descent and
gradient descent with momentum algorithms are
considered too slow for practical problems [17].
Conjugate gradient methods were invented purely
for quadratic functions, and some require exces-
sive memory while others require more iterations
to converge. Newton’s method is an alternative to
conjugate gradient methods for fast optimization,
and often converges faster than the conjugate gra-
dient method, but it involves the Hessian which is
expensive to compute. In the quasi-Newton method,
an approximate Hessian is updated at each iteration
instead of being recomputed from scratch [17]. The
Broyden, Fletcher, Goldfarb, and Shanno (BFGS)
algorithm requires more computation and storage
than the conjugate gradient algorithm and is not
suited to large networks [17]. The one step secant
algorithm is an effort to bridge the gap between
conjugate gradient and quasi-Newton algorithms. In
terms of accuracy (mean square error), speed, and
memory requirements, which algorithm performs
best depends upon a number of factors including
the problem complexity, the number of points in
the data set, weights, biases, the desired accuracy,
and the type of problem (pattern recognition or
function approximation). For a function approxima-
tion problem having a network with a few hundred
weights, the Levenberg Marquardt (LM) algorithm
often converges the fastest [17].

A number of simulations were carried out to
determine the best algorithm, with the result that the
LM algorithm exhibited superior absolute average
error and computation time. The algorithm was
designed to approach second order training speed
without computing the Hessian H, instead using the
approximation H = J7.J, where .J is the Jacobian
containing the first derivative of network errors with
respect to weights and biases. The gradient is com-
puted as g = J7e, where e is the vector of network
errors [23]. The Jacobian is computed through a
standard back propagation technique which is much
less complex then computing the Hessian [24]. The
algorithm may be written as

Tpp1 =z — [JTT +pl] "M e (6)

The primary drawback of the Levenberg Mar-
quardt algorithm is that it requires the storage of a
relatively large matrix. The size of the Jacobian is
@ x n, where @ is the number of training sets and n
is the number of weights and biases. The Jacobian
can be divided into equal sub matrices, with the
Hessian expressed as

H=JT"7=JrJ +JlJ, (7
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Table 1. Comparison of actual values of ¢, 2 3 vs neural network output

Actual Values [ Neural Network output [ Error

4 4.115 0.115

Setl 4 4.024 0.024
4 3.985 -0.015

2 2.018 0.018

Set2 2.3 2.334 0.034
4.8 4.501 -0.299

3 3.255 0.255

Set3 2.5 2.495 0.005
4.5 4.238 0.262

Table 2. Dimensions of microstrip transmission lines in experimental setup.

Trnas Line 1 Trans Line 2 Trans Line 3

Length (L) 1.25 cm 1.25 cm 1.25 cm

Width (W) 0.5 cm 0.5 cm 0.5 cm

Substrate Height 0.127 cm 0.157 cm 0.127 cm
Conductor Thickness 0.0017 cm 0.0017 cm 0.0017 cm
Loss Tangent 0.002 0.0009 0.002
Substrate RO 3006 RT/Duroid 5880 RO 3006

Dielectric Constant 6.15 2.2 6.15

Table 3. Comparison of values of €, 2 3 estimated using neural networks against the actual values for
frequency range 1-2.5 GHz.

H €r1 €r2 €r3 \ Average Error

Actual Value || 6.15 22 6.15

Estimate 1 using LM Algorithm || 5.72 273  5.60
Absolute Error || 0.43  0.53  0.55 0.50

Estimate 2 using LM Algorithm || 5.72 289 5.53
Absolute Error || 0.43 0.69 0.62 0.58

Estimate 3 using LM Algorithm || 5.67 2.81 5.69
Absolute Error || 0.48 0.61 0.46 0.51

where J is divided into two equal matrices J; and
J.

V. APPLICATION OF NEURAL
NETWORKS FOR EXTRACTING
MATERIAL PROPERTIES (er)

As a first step in using a neural network to
extract material parameters, the dielectric constant
€r2 of the center segment of a 3-step microstrip line
is varied from 2-8 with a step size of 0.1, while
€1 and €,3 were fixed at 3 and 3.8, respectively.
A data set containing the magnitude and phase of
I';;, was generated for frequencies from 5 to 6 GHz
with a step size of 100 MHz. The step size of 100
MHz was chosen to keep the data matrix dimen-
sions within the computing capability of a modest
desktop computer; it was observed that frequency
steps smaller than 100MHz did not increase the
accuracy of the results. The magnitude and phase
values were combined in the data matrix D, which
has the form shown in Eq. 8.

I
(8] e

For the initial test, |I'| and ZI" were matrices of
dimensions 11 x 61, corresponding to 11 frequen-
cies and 61 different values of ¢,5. A finer incre-
ment of the dielectric constant, 0.01 for instance,
might improve the accuracy of the network model,
but at a cost of increasing each matrix to 11 x 601.
The neural network with 10 neurons in single layer
was trained using €,o in the range from 2-8, and
then tested using the phase and magnitude of T';,
corresponding to €,0 = 2.1, and 4.75. The network
produced estimated values for ¢, of 2.1186 and
4.7693, respectively.

As a second test, €,.; and ¢,.3 were also varied as
the frequency was swept across the 5-6 GHz range
with a step size of 100 MHz. Values of €,.1, €,2, and
-3 were varied from 2-5 with a step size of 0.1. The
resulting data matrix had dimensions 22 x 29,971.
After training, the Levenberg Marquardt algorithm
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with 10 neurons in a single layer was able to pro-
duce relative permittivity values within £0.3 of the
actual values, as summarized for several examples
in Table 1.

The first two tests were carried out with a single
neuron layer. Additional tests were carried out with
single layer networks with 5, 10, 15, 20 and 25
neurons, and a two layer network with 10 neurons
each. The results were compared in terms of error
and coefficient of regression analysis. Each network
was tested for the set of permittivity values shown
in Eq. 9 in matrix T'. The rows of T' correspond to
€1 , €420 and €,.3, while the columns show the set of
dielectric constants presented to the network at each
time. It was observed that a single layer with 20 or
25 neurons is best suited in terms of absolute mean
error and computation efficiency. The errors for 20
neurons are shown in matrix Fyg in Eq. 10.

21 25 35
T=|35 35 3 9)
49 45 4

~0.097 —0.026 0.005
Eso=| 0.048 0.004 0.015 (10)
—0.015  0.008 0.009

To simulate the presence of white Gaussian
measurement noise, random numbers were added
to the training data. Five different levels of noise
corresponding to a 5dB, 10dB, 15dB, 20dB and
30dB signal to noise ratio (SNR) were induced. The
system was trained, validated and tested using the
LM algorithm, and regression analysis was carried
out. The coefficient of correlation from regression
analysis for all different levels of SNR is plotted in
Fig. 7 where it can be observed that higher SNR
corresponds to higher coefficient of regression R
and vice versa. The ideal value for R is 1.0.

VI. EXPERIMENTAL MEASUREMENT
AND ANALYSIS

To enable measurements, a device was fabri-
cated with three microstrip transmission lines cas-
caded together in the fashion described in section
111, as shown in Fig. 2 and Fig. 8. The dimensions
and dielectric properties of the cascaded microstrip
lines are tabulated in Table 2. Materials with param-
eter values of €,y = €,3 = 6.15 and €, = 2.2 were
used. The microstrip line was terminated in a 502
load.

A network analyzer was used to record S-
parameters over the frequency range 1-5 GHz. A
comparison between measured and simulated val-
ues of the magnitude and phase of the reflection
coefficient are shown in Figs. 9 and 10. There is
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Fig. 7. Correlation coefficient (R) of regression
analysis plotted against the number of neurons for
a network trained with data having white Gaussian
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Fig. 8. Snapshot of microstrip transmission line
setup for experimental measurements.
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excellent agreement between measured and sim-
ulated results in the frequency range 1-2.5 GHz,
and reasonable agreement at higher frequencies.
Ripples and other deviations are observed for higher
frequencies, which can be attributed at least in
part to discontinuities introduced by the fabrication
technique. The microstrip lines were soldered to-
gether horizontally, across the width, which caused
a noticeable amount of solder paste to sit on the
joints. Moreover, a thin wire was also inserted hor-
izontally to strengthen the solder.

For training purposes, simulated data was gen-
erated for ¢,1 and ¢,.3 swept across the range from
5 - 8, and for ¢,o from 1.1 - 3.6. This results in a
dataset with 30 x 25 x 30 = 22,500 vectors. The
row dimension of the data matrix is determined by
frequency range and frequency step size. To limit
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Table 4. Comparison of actual values of €,1 2 3 with the neural network results obtained with 1 layer of 20
neurons and trained on data having different levels of white noise, over the frequency range from 1-5 GHz.

[ R en €ro er3 | Average Error

Actual Value 6.15 22  6.15

Estimated with AWGN (30dB SNR) 099 | 596 256 7.23
Absolute Error 0.19 036 1.08 0.54

Estimated with AWGN (20dB SNR) || 0.952 | 591 296 6.58
Absolute Error 024 0.76 043 0.48

Estimated with AWGN (10dB SNR) || 0.956 | 595 275 6.20
Absolute Error 0.20 0.55 0.05 0.27

Estimated with AWGN (05dB SNR) 091 | 645 275 6.04
AbsoluteError 0.30 0.55 0.11 0.32

the column length, the frequency range from 1-

Reflection Coeficient Ty y 2.5 GHz was used. A neural network containing a

1 - - - - - — single hidden layer of 20 neurons was trained with

0.9 alculate data containing white Gaussian noise (10dB SNR).

To eliminate the element of coincidence, and verify

08 the robustness of algorithm, the neural network was

0.7 trained and tested three times on the same data, with

2 different starting weights each time. The three sets

£ 00 of results are tabulated in Table 3. These results

§ 0.5 exhibit an average absolute error range of +0.6 and
04 a coefficient of regression R greater than 0.92.

Additional tests were carried out using the 1-

03 5 GHz frequency range, with a frequency step size

0.2 of 300 MHz. Using 20 neurons with the LM algo-

o rithm, a neural network was trained with simulated

115 2 Qj?srcqucniv [GH?]'S 4 45 5 data containing white Gagssian noise. In terms of
'“ absolute error, the coefficient of regression R was
Fig. 9. Comparison between magnitude of mea-  determined to be 0.91, 0.95, 0.95 and 0.99 for an
sured and calculated reflection coefficient (|T';;, ). SNR of 5, 10, 20 and 30 dB, respectively. Table 4
shows the estimated values of dielectric constants
and their absolute error levels. In this case, the best
errors are achieved for a neural network trained with
a data set containing white Gaussian noise with an
SNR of 10dB. To verify the optimum number of
— neurons in the hidden layer, the same procedure
Ieasured . ..
[ was repeated for 25 neurons, with similar results
1 for the coefficient of regression as a function of the
SNR level. In this case 20 neurons is sufficient for
an accurate approximation using a frequency range
from 1-5GHz and a step size of 300 MHz.

Reflection Coeficient I'y

VII. CONCLUSION
In this feasibility study, neural networks were
used to extract material parameter values from re-
flection coefficient data obtained from an RFID-like
sensor. The dielectric constant was varied across
each of three lengths of microstrip transmission

Phase [Rad]

s 2;E5quuengy [GHg]ﬁ 4 45 5 lines. With a priori knowledge of geometry of the

' structure and the range of varying dielectric con-

Fig. 10. Comparison between measured and calcu-  stants, the neural network was trained with data for
lated phase of reflection coefficient (/T';,,). the magnitude and phase of I';,, across the com-

plete frequency range of interest. The frequency
resolution was an important parameter for accu-
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racy of results and computational efficiency. It was
demonstrated that a frequency step size smaller than
100 MHz does not improve the accuracy of re-
sults. Furthermore, for a wide range of frequencies
from 1-5 GHz, a frequency resolution of 300MHz
is sufficiently dense to keep the results accurate
while maintaining the computational efficiency of
the algorithm. The Levenberg Marquardt backprop-
agation algorithm was determined to be well-suited
to solve this one dimensional inverse scattering type
problem using neural networks. White Gaussian
noise with a 10dB SNR was induced in training data
to simulate the measurement noise. The architecture
of the neural network is an important parameter
for any problem, and it was demonstrated that one
hidden layer of 20 or 25 neurons enables optimum
performance of the network in terms of average
absolute error and computational efficiency. With
the application of a neural network based on the
LM backpropagation algorithm with one hidden
layer of 20 neurons, the dielectric constant of a
three cascaded microstrip transmission line system
was estimated with absolute average error less than
+0.5. We note that this one dimensional inverse
scattering problem would be more challenging to
investigate with non deterministic boundaries and
for material properties that vary across a greater
range.
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Abstract— This paper presents an overview of
various RFID tag fabrication methods and briefly
describes the advantages and disadvantages of
ecach method. The purpose of this paper is to
provide the reader with the fabrication techniques
that can be applied for RFID fabrication purposes
for laboratory scale experiments. This paper will
present the performance results of laboratory made
RFID tags based on two fabrication methods
(etching and screen printing) on multiple
substrates  (paper, thin transparent film,
polyethylene terephthalate (PET), and fabrics).
These results will prove the effectiveness of the
presented methods for RFID tag fabrication
purposes.

Index Terms - Radio Frequency Identification
(RFID), etching, screen printing.

I. INTRODUCTION

In today’s world the role of radio frequency
identification (RFID) has increased considerably.
RFID is a technology which uses RF signals for
automatic identification of objects. RFID tags are
used for many applications in various areas such
as electronic toll collection, asset identification,
retail item management, access tracking systems
and many others. It has many advantages
compared to electronic product code (EPC). For
example, RFID systems can identify multiple
objects simultaneously without a direct line of
sight [1].

An RFID system consists of two basic
components, a reader (interrogator) and a tag
(transponder). An RFID tag can either be active,

operated by a battery, or passive. A passive tag
consists of an antenna and an application specific
integrated circuit (ASIC) known as a chip. Passive
ultra high frequency (UHF) RFID systems which
achieve read ranges longer than 1 meter are
defined as long range systems. These systems
operate at the UHF center frequencies of 866MHz
(Europe), 915MHz (America), and 950MHz (Asia
and Australia) [1]. In this paper the fabrication
techniques for passive RFID tags will be
discussed. Section II will introduce the method of
screen printing and etching. The parameters,
characteristics, and a step-by-step laboratory
procedure will be described for each fabrication
method. The advantages and disadvantages of
each method will be clearly presented. Section III
will convey experimental data of a prototype
RFID tag fabricated from the procedure proposed
in this paper. Section IV will conclude the
effectiveness of the presented methods for RFID
tag laboratory scale prototyping.

I1. FABRICATION TECHNIQUES
A. Etching Process

The process of etching has been used for
hundreds of years. It originated from the custom of
making etching designs on armor and was adopted
by printmakers as an easy method of engraving.
Since then the process of etching has evolved from
artistic uses to manufacturing techniques.

The etching processes can be classified into
two categories: wet and dry etching. The process
of wet etching uses liquid chemicals or etchants to
remove metallic substrates. The function of the
photoresist mask is to prevent the removal of the
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desired pattern from the substrate when the etchant
is applied. “The wet etching process can be
presented in three steps: 1) application of the
etchant to the substrate; 2) reaction between the
etchant and the material being removed; and 3)
diffusion of the reaction byproducts from the
reacted surface. The process of dry etching does
not require any liquid chemicals or etchants. Dry
etching can be accomplished by any of the
following methods: 1) using chemically reactive
gases or plasma; 2) physical removal of the
material, usually by momentum transfer; or 3) a
combination of both physical removal and
chemically reactive gases or plasma [2,3].”

Some etching parameters that need to be
taken into account are the etch rate and the etch
selectivity. The etch rate refers to the rate of
material removal (um/min). The etch selectivity
refers to the ability of the reactive chemical to etch
away only the material intended for removal,
while leaving all other materials intact [4].

Wet and dry etchings have characteristics
suitable for different applications. Wet etching is
an isotropic process (uniform direction) while dry
etching is anisotropic (directionally dependent).
Since wet etching is isotropic, it is quick, easy, and
cheap. It provides a unilateral and high etching
rate and good selectivity rate for most materials.
The disadvantage to wet etching is that it is
inadequate for defining features smaller than 1pm
and has the potential for chemical handling
hazards. Dry etching allows for defining features
smaller than 100nm, but it is relatively expensive,
hard to implement, provides poor selectivity, and
has the potential for radiation damage [5].

Etching has been the most commonly used
method for fabricating RFID tags. This process
can be used for fast prototyping of RFID tags. Oft-
the-shelf supplies and equipment may be used for
inexpensive prototypes. For mass production
purposes metal etching is impractical due to
wasted materials and chemicals. Since etching is a
subtractive process only a portion of raw materials
are consumed while the rest is either recycled or
thrown away. The loss of wasted materials has an
effect on the overall price of production.
Furthermore, because aggressive chemicals are
used, maintenance fees for their removal must also
be taken into consideration. This is why etching is
perceived as an environmentally unfriendly
method.
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Although etching provides high conductivity
and reliability it lacks in flexibility. Etching can
only be used on substrates that can tolerate the
chemical baths such as ferric chloride for copper
and sodium hydroxide for aluminum. To fabricate
a prototype RFID tag utilizing the wet etching
method, the supplies needed include: the substrate,
the acid/etchant, the solvent/development
chemical, the photoresist varnish, a transparency
sheet, a heating chamber, and an ultraviolet (UV)
machine. The procedure below describes one
method in which wet etching can be performed in
laboratory settings. The procedure is conducted on
an aluminum substrate.

Procedure:

e First apply the photoresist onto the substrate, as
seen in Fig. 1.

e Next, place metallic substrate with the
photoresist varnish into a heating chamber at 75 °
C for 20 minutes. The thermal treatment will
typically be completed in 20 minutes if not then
repeat heating process.

Fig. 1. Application of the photoresist to the
aluminum substrate via spraying.

e Next, place a transparency sheet with the
printed antenna design on top of the varnished
metallic substrate. Then insert both items into the
UV machine. Set the UV machine to
approximately 45 seconds (time may vary with
different varnish thickness). If completed correctly
the design will noticeably appear on the varnished
metallic substrate.

Next, the chemical process requires two
containers one containing the solvent and the other
containing the acid. In this procedure an aluminum
substrate was used, therefore, the solvent consisted
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of 70ml of NaOH and approximately 1.5 to 2 liters
of water. The etchant solution consisted of 80ml of
water, 30ml of HCIl, and 30ml H,0O,. Place the
varnished metallic substrate within the container
of the solvent. The solvent will remove the
photoresist varnish, as seen in Fig. 2.

Fig. 2.  Placement of varnished aluminum
substrate within the solvent.

e Next, place the substrate into the etchant
solution. Agitate the substrate within the container.
This process will begin dissolve the metallic
substrate. When the appearance of oxidation
occurs remove the substrate from the container
and rinse under cool running water. Repeat these
steps until the metallic substrate around the design
has been completely removed. The end product
will be a transparent plastic with the metallic
substrate design, as seen in Fig. 3.

Fig. 3. Placement of varnished aluminum substrate
within the solution.

These etchant solutions operate by dissolving
any metallic substrate uncovered by a photoresist.
This process result in the formation of hydrogen
gasses at the surface of the substrate, therefore
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removal of these bubbles is necessary because it
masks the metal needing to be dissolved.
Therefore rinsing the substrate resolves this
problem by detaching the bubbles from the
substrate [6].

B. Printing Fabrication Process

Printing is an additive process that allows
designs to be selectively imprinted on to certain
areas. It can be as simple as cutting out a stencil
and applying a layer of conductive material to
achieve the imprint. The method of printing has
been used for many products such as clothing,
printed circuit boards, and containers. The
flexibility of printing allows it to be applied to
almost any surface or material.

Printing can have a great potential for RFID
antenna fabrications. With the use of RFID tags in
almost every industrial sector, the need for a
universal fabrication method is apparent. Printing
holds the key to provide high volume and low
manufacturing costs. Compared to the traditional
method of fabrication (etching) screen printing is
more stable, reliable, cost-effective, flexible, and
has a low environmental impact compared to
etching [7].

The use of printing allows for intricate and
minute details to be fabricated while still
maintaining conductivity throughout the entire
design. Printing is an additive process which only
uses the minimal amount of material needed to
complete the task. Even the amount of raw
materials used for printing can be reduced since
the layers of conductive ink can vary in thickness.
Due to the consumption of fewer raw materials, its
application for mass production of a design
provides the best cost per development ratio
allowing a company to sell at the lowest price.
Printing can be used to fabricate an RFID antenna
on almost any substrate or material such as metal,
paper, and plastic. With the use of flexible
substrates for  RFID antennas, added
characteristics to the tag include the ability to bend
and twist that was impossible with metal
substrates. Though some environmental issues do
still occur with screen printing due to the use of
conductive silver or copper inks it is relatively
incomparable to etching which contains far more
chemical waste. The disadvantage to screen
printing is its resolution which has its maximum at
50 lines per centimeter [8-10].



Compared to pure metals, such as copper or
aluminum, conductive inks cause small
degradation to the antenna gain, but they affect the
input impedance of the tag antenna and produce
high resistivity compared to pure metals.
However, due to these variations their effect on
the read ranges of the tag antennas are relatively
small [11]. Conductive inks are composed of a
polymer matrix and conductive fillers with a
thermo-plastic polymer binder or resin [7]. For the
conductive inks to remain imprinted onto a
substrate, the conductive inks must be cured.
Curing is the process of preserving the ink by
heating. When the conductive ink is heated the
polymers shrink and bond with nearby polymers
which produce a conductive path though out the
design. There are two important parameters during
the curing of a substrate: the curing temperature
and the curing time. These have an effect on the
conductivity of the imprint and must always be
taken into consideration when fabricating RFID
tags [11].

There are many printing techniques that can
be used to manufacture RFID tags such as screen
printing, flexography, gravure, and ink jet. The
speed at which tags can be produced and the cost
per tag are as listed from slowest to fastest and
highest to lowest in prices, respectively [12].
Different printing technologies require different
ink characteristics. Some characteristics of the
most typical printing processes are shown in Table
1[11,13].

Table 1: Characteristics of the most typical
printing processes.

Process Screen | Flexography | Gravure Ink Jet
Printing
Substrate All Papers, Coated All
Boards, papers,
Polymers Boards,
Polymers
Ink film 0.02- 6-8 8-12 Depends on
Thickness 100 ink
(um)
Ink 0.1-10 0.01-0.1 0.01-5 0.01
Viscosity
(Pa.s)
Resolution 50 60 100 60(continuous)
(lines/cm) 250 (DOD)

Screen printing is a stenciling process where
the ink is transferred on to the substrate through a
stencil covering a fine fabric mesh, as shown in
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Fig. 4. The fabric mesh is stretched onto a frame,
allowing pressure to be applied to the stencil by a
squeegee [15]. The ink is poured on to the stencil
and the squeegee is drawn across the frame,
forcing the ink through the stencil (see Fig. 4)
[15]. Screen printing allows versatility in its ink
thicknesses from 20 nm to 100 um. Among the
limitations of screen printing, its maximum
resolution remains usually under 50 lines per
centimeter and its speed is slow in comparison to
other conventional printing processes [13].

Frame

<
—

Squeegee

\\— Stencil

coated
mesh

Ink

Substrate

Fig. 4. Diagram of the screen printing process.

Screen printing is the cheapest method to
implement for laboratory scale prototyping. To
fabricate a prototype RFID tag using the screen
printing the supplies needed include: a screen
printing machine, conductive ink, a substrate, and
a heating chamber. The machine used for the
fabrication of the RFID tags in the procedure
section was the Simatic Sim 20 semiautomatic
screen and stencil printer.

Procedure:
e First attach stencil screen unto the frame of the
screen printing machine, as seen in Fig. 5.

Fig. 5. Placement of the stencil screen onto the
screen printing machine.
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e Next, initiate air tight suction via floor pedal.
Apply conductive silver ink above the screen
design, as shown in Fig. 6.

Fig. 6. Placement of the silver conductive ink
onto the stencil screen.

Then, lower and initiate the front squeegee
and slide it across the frame as shown in Fig. 7.
Raise squeegee and allow excess ink to
accumulate onto the screen.

Fig. 7. Transferring the squeegee across the
stencil to imprint the design on the substrate.

e Then, lower and initiate the back squeegee and
return to starting position. Release the vacuum
suction via floor pedal. Raise the frame and
remove the substrate from the platform.

e Finally, place the substrate into an oven
preheated to 120 degrees Celsius. After
approximately 20 minutes, the silver conductive
ink will cure. Repeat thermal treatment if
necessary.

ACES JOURNAL, VOL. 25, NO. 6, JUNE 2010

III. PROTOTYPE RFID TAG
FABRICATION EXAMPLE
Two RFID antenna designs corresponding to
the operating frequencies of 886 MHz and 915
MHz were developed using high frequency
structural simulator (HFSS). The details of the
design’s characteristics and procedure can be
found in [19]. Both designs were fabricated by the
process techniques described in this paper. Each
design was fabricated on multiple substrates
(paper, thin transparent film, polyethylene
terephtalate (PET), and fabric).

Fig. 8. The design layout of a Logo RFID tag (a)
866MHz and (b) 915MHz, (all dimensions are in
mm).

The measurements of operational
characteristics of these two tags were conducted
using the Voyantic Tagformance reader [16]. The
read ranges measurements were based on the
electromagnetic threshold measurements
technique, in which the frequency was changed
from 830 MHz to 990 MHz by increments of 1
MHz. At each frequency the transmitted power
was increased by 0.1dB until the tag responded
and the minimum transmitted power to activate the
tag at that frequency was measured. The device
calculated the read range by using free space Friis
formula [17] and taking into account the path and



cable losses and the antenna gain. The read range
was calculated using the following equation:

EIRP

Foax () = P IC (D

where EIRPis the effective isotropic radiated
power, P

tmin

is the minimum transmitted power to
activate the tag, Lis the factor considering the
cable and path loss, and G,is the transmitting

antenna gain [18]. The material composition of the
fabricated tags are shown in Table 2.

Table 2: The material composition of the RFID
tags and their fabrication method.

Tag |Substrate Conductive Fabrication Read frequency
No. Material process Range of
[m]  Dperation
[MHz]|
1 PET Copper Etching 12.5 866
2 Thin film Sliver Ink Screen 9.5 866
Printing
3 Thin film Sliver Ink Screen 6 915
Printing
4 Thin film Aluminum Etching 9 866
5 Paper Sliver Ink Screen 9 866
Printing
6 Fabric Sliver Ink Screen 11.2 866
Printing
7 Fabric Sliver Ink Screen 7 915
Printing

Table 2 presents the results of fabricated tags
categorized by their substrate, conductive material,
and fabrication process. The simulated and
measured antenna parameters and design
processes can be referred to in [19]. Table 2
portrays the effectiveness of the step-by-step
fabrication procedure in developing RFID tags
with multiple substrates and conductive materials.
From this step-by-step procedure laboratory scale
fabrication of RFID tags can be developed with a
relatively simple and cost effective method.

IV. CONCLUSION
In this paper two fabricating techniques
(etching and screen printing) were described. The
advantages and disadvantages of each method
were discussed and a step by step procedure was
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conveyed. Two prototype RFID tags were
designed using numerical simulations and
fabricated using the discussed techniques and
procedure. Their read ranges were measured to
demonstrate the feasibility of the fabrication
methods.
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