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Abstract

In this paper, the design of a novel chipless ultra-wideband radio-frequency identification (UWB RFID) system is
proposed. The system employs printable uniplanar chipless tags and a pair of high-gain reader antennas. The
chipless tag is composed of two UWB monopole antennas, connected by a coplanar waveguide (CPW). The tag’s ID
is represented by a spectral signature in the UWB frequency range, and is created by a multi-resonator embedded on
the coplanar waveguide. The detection of the tag’s ID is based on using only the amplitude of the spectral signature,
which significantly simplifies the complexity of detection. The reader employs two separate Vivaldi antennas — one for
transmitting a vertically polarized signal, and the other for receiving a horizontally polarized signal — to reduce the mutual
coupling between the uplink and downlink signals. Further reduction of mutual coupling is achieved by using a copper
plate at the reader to separate the uplink and downlink signals. These two proposed methods together reduced the
mutual coupling by 20 dB. The chipless RFID tag with eight coplanar waveguide resonators in a group and the reader
antennas were designed using computer simulation, and fabricated on Rogers substrates for measurement. The results
of studies in an anechoic chamber showed that the proposed UWB RFID system could achieve a reading range of larger
than 30 cm, at least three times longer than the maximum distance of a similar system reported by others. This indicated
that the proposed system has great potential for short-range item tracking at low cost.

Keywords: RFID; chipless RFID tag; chipless RFID systems; read range; uniplanar monopole antenna; ultra-wideband
antenna; CPW resonator; vertical and horizontal polarization

1. Introduction

Because the automatic identification industry has been
growing very fast in recent years, radio-frequency identi-
fication (RFID) technology has found more applications in
various fields, including retail-chain management, asset identi-
fication, access control, movement tracking, and vehicle secu-
rity [1, 2]. An RFID system mainly consists of three compo-
nents: one or more identification tags (or transponders), a reader
(transceiver) interface to communicate with the tags, and a data
processing unit (host computer). The reader is usually fixed in
position and connected to the host computer through wire lines
(or via a wireless link), whereas the tags are the moving parts. The
reader and the tags work as a wireless communication system.
The tag is usually composed of an antenna and an application-
specific integrated circuit (ASIC) for storing the tag’s ID and
data. For low-cost RFID systems, the tags are always passive,
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and rely on the reader to provide energy in the form of EM
signals for the ASIC to communicate with the reader. One of
the main factors determining whether an RFID system should
be deployed is the cost of the tags. Efforts have thus been put
into research to develop chip-less RFID tags with no ASIC, in
an attempt to lower the price of the entire RFID system [3-9].

In most existing RFID systems, such as those using
low frequencies (from 100 kHz to 2 MHz), high frequencies
(at 13.56 MHz ), ultra-high frequencies (from 850 MHz to
950 MHz), and microwave frequencies (at 2.45 GHz and
5.8 GHz), the frequency bands used are quite narrow. Recently,
increasing attention has been paid to applying ultra-wideband
(UWB) technology to RFID applications [5-9], which could
overcome some of the limitations of the current narrowband
RFID technology. These limitations include small coverage
area, insufficient ranging resolution for accurate localization,
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sensitivity to interference, and scarce multiple-access capability
[10, 11].

Currently, the only commercially available chipless RFID
tags are based on surface-acoustic-wave (SAW) technology [4].
These tags are not fully printable or planar. Their piezoelectric
nature and optical-lithography manufacturing process increase
the cost. Recently, in [5-7], a fully printable chipless RFID tag
was proposed for banknote applications. The size of the design
was quite large. The detection of the tag’s ID was based on
both the amplitude and phase of the spectral signatures, which
complicated the detection process. If only the amplitude of the
spectral signature was used [5], the reading range was limited to
only 10 cm.

In this paper, we present the design of a novel chipless
UWB RFID system that employs fully printable, uniplanar,
chipless tags. The chipless tag consists of two UWB monopole
antennas, connected by a coplanar waveguide (CPW). A multi-
resonator printed on the coplanar waveguide is used to represent
the tag’s ID in the form of a spectral signature across the UWB
frequencies. The UWB monopole antenna studied in [12] and
the multi-resonator studied in [13] were adopted in our design
for the chipless tag. With the use of the UWB frequencies,
many bits can be encoded into the spectral signatures for tag
identification. However, in this study, just to prove our design
concept, we used only eight resonators in the multi-resonator.

A Vivaldi antenna has the merits of high peak gain and
theoretically unlimited instantaneous frequency bandwidth
[14]. We thus used two Vivaldi antennas for transmitting and
receiving signals in different polarizations, to reduce the mutual
coupling between the uplink and downlink signals.

Both the chipless tag and the reader antennas were designed
using the EM simulation tool CST MWS, and fabricated on
Rogers substrate RO4350B for measurement. To further reduce
mutual coupling between the uplink and downlink signals,
we used a copper plate at the reader to separate the reader’s
transmitting and receiving antennas. As a result, we could use
only the amplitude of the spectral signature for detection of
the tag’s ID. The use of amplitude for detection was not novel,
and was already used in [5] and [6]. However, the novel idea
proposed in this paper is a chipless UWB RFID system design,
which uses only the amplitude (not the amplitude and phase
together) of the spectral signature to simplify the detection
complexity, yet achieving a reading range substantially larger
than that reported before. Measurements of the chipless UWB
RFID system were conducted inside an anechoic chamber using
a programmable network analyzer (PNA), an Agilent ES071C,
for signature detection. The results showed that the system could
achieve a reading range of grater than 30 cm, at least three times
longer than that reported in [5].

Several chipless RFID systems were proposed and studied
by Preradovic, et al. in [5-7]. Although these systems employed
concepts similar to ours, using chipless tags and resonators to
create the spectral signatures to represent the tag’s ID, there are
major differences described as follows:
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A. The frequency band and detection method used:
In our RFID system, we propose to use UWB fre-
quencies, which are for unlicensed use with very
low emission power. The chipless UWB RFID
system is designed to operate in the frequency band
from 3 GH to 6 GHz. We propose to use only the
amplitude of the spectral signature for detection of
the tag’s ID to simplify the detection process, yet
achieving a much longer reading range than that
reported in [5], which also used only amplitude for
detection. Moreover, the authors in [5] designed a
six-bit chipless tag to operate in the frequency band
from 2 GHz to 2.5 GHz (which is not in the UWB
frequency band). Although the authors mentioned
that a 35-bit chipless tag was designed in the
frequency band from 3 GHz to 7 GHz (in the UWB
frequency band), they only presented the measured
insertion loss of the tag, without giving any other
results such as system measurement results. The
studies in [6] were very similar to [5], and the only
difference was the tags employed. In [7], the authors
used amplitude and phase for detection, which was
different from our proposed design. The results
therefore could not be used for comparison, although
the frequency band used in the design was in the
UWB frequency band from 5 GHz to 10.7 GHz.

B. Resonators: The resonators used in [5] and [6]
were microstrip coupling spiral resonators, which
required using both sides of the substrate. In our
design, we propose to use a coplanar waveguide
multi-resonator that needs to be etched only on one
side of the substrate. This can lower the fabrication
cost, which is one of the main factors determining
whether an RFID system should be deployed.
Although a coplanar waveguide structure was also
used in [7], our design is quite different, and better.
For example, our coplanar waveguide multi-reso-
nator has an insertion loss of about 20 dB, much
larger than the 8.5 dB for the design in [7].

C. Programming the tag’s ID: The authors in [5-7]
used the idea of shorting a spiral turn of the tag’s
resonator to shift the resonant frequency to a higher
value, which is also used in our design. However,
they used spiral resonators, while we designed a
new resonator that has much better performance in
terms of frequency-shift range and insertion loss.
Due to the limited frequency-shift range in [6],
their resonator would have problems in using the
whole UWB frequency band, as described later in
Section 3. Our proposed resonator does not have
such problems.

The paper is organized as follows. The basic concept of
the proposed chipless UWB RFID system, the designs of the
UWB monopole antennas used for the chipless tag, the copla-
nar waveguide multi-resonator, and the Vivaldi antennas used
in the reader are all described in Section 2. The simulated and
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measured results of the UWB antennas, the coplanar waveguide
multi-resonators, and the Vivaldi antennas, together with the
measured results of the whole chipless UWB RFID system
in an anechoic chamber, are presented in Section 3. Section 4
concludes the studies.

2. Chipless UWB RFID System

2.1 Operating Principle of the
Chipless UWB RFID System

The proposed chipless UWB RFID system used for this
study is shown in Figure 1. It consisted of a chipless UWB
RFID tag and a reader. The operating principle of the system
was as follows. The reader transmitting antenna sent out a ver-
tically polarized signal having a UWB spectrum in the downlink
to the tag’s receiving antenna. The signal received by the tag
propagated along the coplanar waveguide to the other end,
and was re-transmitted in horizontal polarization by the tag’s
transmitting antenna in the uplink to the reader’s receiving
antenna. As the signal traveled through the coplanar waveguide,

Chipless Tag

e

Horizorkally Polarized
Rx\Antenna

RFID Reader

a spectral signature representing the unique ID for the tag was
created by the coplanar waveguide multi-resonator. In our study,
the multi-resonator, as shown in Figure 1, consisted of eight
coplanar-waveguide resonators in a group, representing an eight-
bit ID. At the reader, the received spectral signature was detected
by a signal-processing unit, which was not part of our design. In
our actual measurements on the prototype multi-resonator and
the RFID system, a programmable network analyzer (Agilent
E5071C) was used for extracting the spectral signature.

In the RFID system of Figure 1, the chipless tag used was
passive, and relied on the power received from the reader in the
downlink for re-transmission. The re-transmitted signal in the
uplink received by the reader was quite weak. Since the tag had
a small size, the reader’s transmitting antenna had to be placed
quite close to the reader’s receiving antenna, and was transmit-
ting a relatively stronger signal in the downlink. To reduce
interference to the uplink signal due to mutual coupling, we used
vertically and horizontally polarized signals in the downlink and
uplink, respectively. To accomplish this, the reader consisted of
a pair of planar Vivaldi antennas, placed perpendicularly to each
other in such a way that the transmitting antenna transmitted
a vertically polarized signal in the downlink, and the receiving
antenna received a horizontally polarized signal in the uplink.

R X Tag,s /'-\.ﬁtenna Vertical Plane

Vertically Polarized
Tx Antenna

Copper Plate

Figure 1. The operating principle of the chipless UWB RFID system.
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As a result, the mutual coupling between the two antennas was
significantly reduced. In Figure 1, the chipless tag had two UWB
monopole antennas, one for receiving the vertically polarized
signal and one for transmitting the horizontally polarized signal,
connected together through a bent coplanar waveguide (CPW).
To further reduce the mutual coupling, we placed a copper
plate, with dimensions of 30 cm x 40 cm, between the reader’s
transmitting and receiving antennas, as shown in Figure 1. The
results in Section 3 showed that this combination could reduce
the mutual coupling effect by about 20 dB.

2.2 Structure of Chipless Tag

The proposed chipless UWB RFID tag is shown in Fig-
ure 2. A printable uniplanar coplanar waveguide structure, with
the merits of easy and low-cost fabrication [15], was employed.
The antennas, the multi-resonator, and the coplanar waveguide
were all etched on one side of the substrate. The two uniplanar
UWB monopole antennas were connected together by a 50 Q
coplanar waveguide, embedded with eight coplanar waveguide
resonators. The UWB antennas and multi-resonators were
studied individually in [12] and [13], respectively. In the
geometry of the tag shown in Figure 2b, the width, G, of the
central conducting strip of the coplanar waveguide was 3.3 mm,
and the gap, S, between the central conducting strip and the
ground was 0.3 mm, resulting in a characteristic impedance of
50 Q. The coplanar waveguide was bent 90° so that the tag could
receive and transmit the corresponding polarized signals from
and to the reader with low cross polarization. The ends of the
coplanar waveguide had a half-elliptical shape, with a major
radius of @ and a minor radius of b, as shown in Figure 2a, to
reduce the beam tilt of the antenna [16]. The small gaps between
the central conducting strip and the ground of the coplanar
waveguide near to the input of the radiator were very critical for
impedance matching. They were therefore smoothed by using
two arc shapes with radii of R, and R, [12].

Coplanar waveguide resonators in different structures have
been studied before, e.g., the A/2 open-ended coplanar

waveguide resonators and A/4 coplanar waveguide resonators

used to design band-stop filters [17, 18]. However, those reso-
nators were too large to be used in our design. Here, we propose
anew and simple structure for the coplanar waveguide resonator,
with a much smaller size, as shown in Figure 2c. Basically, the
resonator was simply a rectangular slot with two open stubs
from opposite sides. With this design, a group of eight resonators
could be etched onto the coplanar waveguide of the tag. All
these resonators had the same dimensions, except for the length,

LZ, where n =1,...,8, was the index of the resonator, starting

from the largest resonator to the smallest resonator. To reducing
mutual coupling between resonators, the distance, L,,
separating adjacent resonators was set to 3 mm. The smallest
dimension we could fabricate using the prototype machine in
our laboratory was 0.1 mm. Therefore, for convenience in our

design process and without compromising the fabrication
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tolerance and compact size, we fixed the segment widths, w,
and wjy, to be 0.3 mm. Our results showed that the lengths, L,
and L,, of the resonator could be used to set the resonant

frequency. Moreover, shorting the two open stubs to the other
sides by making L; =0 could shift the resonance to a much

higher frequency, and, at the same time, substantially reduce the
insertion loss (S, ). This property could be used to encode

different bit patterns into the tags and, hence program the tags’
IDs. One major advantage of this shorting property is that in the
future, we may just use a fixed pattern of the multi-resonator
having only strips (instead of open stubs) for printing the tags.
We can then use a laser or other simple etching technique to
create the gap of L, , and hence to program different tags with

different IDs.

The dimensions of the chipless UWB RFID tag are given
in Table 1.

2.3 Structure of Reader Antenna

Using high-directivity and high-gain antennas in the reader
can increase the reading range. The Vivaldi antenna, with a
periodic and continuously scaled structure, theoretically has an
unlimited instantancous bandwidth, a significantly high peak
gain, and linear polarization [19, 20], and so it was a perfect
candidate for our reader antenna. Two identical Vivaldi antennas
with a planar structure as shown in Figure 3 were designed for
our reader. The directions of the E and H fields of the antenna as
indicated in Figure 3a were same as those indicated in Figure 1.
The antennas had a profile of an exponentially tapered slotline,
ending with a circular-slotline cavity. The exponentially tapered
profile was defined by the position of the origin, indicated as O
in Figure 3a; the opening rate, »; and the two coefficients, ¢;

and ¢, [20]. These were related according to y =ce™ +¢,,
where x was from 0 mm to 150 mm in our design. This profile
served as the radiator of the antenna, and was etched onto one
side of the substrate. For good impedance matching across the
UWB frequency range, a linear-tapered stripline, etched on the
other side of the substrate as shown in Figure 3b, was used for
feeding the signal to the radiator. The stripline had a 90° bend,
and was terminated with an arc-shaped stripline stub. All these
dimensions were optimized for S;; <—-10dB across the UWB

frequency range using computer simulation; they are listed in
Table 2.

3. Results and Discussions

To validate our design concept, the UWB monopole anten-
nas for the tag, the multi-resonator, and the reader antennas
were individually fabricated on Rogers substrate RO4350B
and measured. The complete RFID tag was also fabricated. The
whole RFID system was studied in a 4 m X 4 m X 8 m anechoic
chamber in our Radio Frequency Lab.
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Figure 2a. A side view of the chipless UWB RFID tag. Figure 2b. A top view of the chipless UWB RFID tag.

G

Figure 2¢ The coplanar waveguide resonator of the chipless
UWRB RFID tag. Figure 2d. The prototype of the chipless UWB RFID tag.
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Table 1. The dimensions of the chipless UWB-RFID

tag (mm).
L 154
w 55
w 32
39.3
L,
4.3
Ry
5
Ry
15
Rr
H 0.254
T 0.035
a 16
b 8
G 3.3
S 03
4 0.8
W, 0.3
0.3
w;
4
w, | ©
0.3
Ly
3
La
1 9.7
LC
2 8.4
LC
3 7.3
LC
4 6.4
LC
5 5.8
LC
6 53
LC
7 4.8
LC
8 4.4
LC

Wv

Figure 3a. A top view of the reader’s antenna structure.

Ly wy | @
|
Wy
Figure 3b. A bottom view of the reader’s antenna
structure.

Figure 3c. The prototype of the reader’s antenna.
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Table 2. The dimensions of the reader’s antenna (mm).

180
Ly
Wy 120

30
Ly

30
LU
W/ 77.6
a 75°
B 85
R 6
W 2.4
w | 03
w | 18
r 0.022
o | 17
o | 12

3.1 Tag Antennas

The UWB monopole antennas used in the RFID tag of
Figure 2b were selected from our previous design [12, 13]. The
prototyped antenna on a Rogers substrate is shown in Figure 4.
The simulated and measured S;; of the antenna are shown in

Figure 5. The antenna had an impedance bandwidth (.S;; <-10

dB) from 3.06 GHz to over 10.82 GHz, fully satisfying the FCC
UWB requirement. The small discrepancies between the
simulated and measured results could be due to the tolerances in
prototype fabrication and measurement, and also the SMA
connector, which was not used in our simulation.

The simulated and measured radiation patterns of the
antenna at the frequencies of 3 GHz, 5 GHz, and 11 GHz, in
the xz and xy planes, are shown in Figure 6. It could be seen
that the measured and simulated radiation patterns were in good
agreement. In the xy plane, Figures 6a, 6c, and 6e showed that
the radiation patterns were omnidirectional. In the xz plane,
Figures 6b, 6d, and 6f showed that the radiation patterns had
two nulls in the positive and negative z directions, typical for
monopole antennas.
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The radiation pattern of the antenna could be better seen
using three-dimensional plots. The measured three-dimensional
radiation patterns of the antenna at the frequencies of 3 GHz,
6 GHz, 8 GHz, and 11 GHz are shown in Figure 7. At the lower
frequencies of 3 GHz and 6 GHz, Figures 7a and 7b showed
that the antenna had approximately “apple-shaped” radiation
patterns. At the higher frequencies of 8 GHz and 11 GHz,
Figures 7c and 7d showed that the radiation patterns became
slightly directional, with the main lobe pointing slightly upward.
This was due to the planar structure of the monopole antenna,
and the unbalance of the antenna’s radiator and ground plane
[21]. All these radiation patterns showed two nulls in the z
direction, as expected.

Figure 4. The prototype of the UWB monopole antenna.

—o— S11_Simulated
—o— S11_Measured

S11 (dB)

-40 T T T T T T T T T T T T T T
Frequency (GHz)

Figure 5. The measured and simulated S;; values for the
UWB monopole antenna.
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—&— co_pol, Measured; —— x_pol, Measured —a&— co_pol, Measured; —— x_pol, Measured
0 0

180 180
—a— co_pol, Simulated; —— x_pol, Simulated (© —a— co_pol, Simulated; —@— x_pol, Simulated (d)
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180 180
—a— co_pol, Simulated; —— x_pol, Simulated (e) —&— co_pol, Simulated; —— x_pol, Simulated )
—a&— co_pol, Measured; —&— x_pol, Measured —a&— co_pol, Measured; —@— x_pol, Measured

Figure 6. The simulated and measured radiation patterns at 3 GHz in the (a) xz and (b) xy planes; at 5 GHz in the (¢) xz
and (d) xy planes; and at 11 GHz in the (e) xz and (f) xy planes.
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(b) 6 GHz

(c) 8 GHz (d) 11 GHz

Figure 7. The measured three-dimensional radiation patterns of the UWB monopole antenna at (a) 3 GHz, (b) 6 GHz, (¢)
8 GHz, and (d) 11 GHz.
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3.2 Multi-Resonator

With more resonators used in the coplanar waveguide
multi-resonator, more bits could be encoded into the RFID tag
across the whole UWB frequency range. However, just to prove
our design concept, we only used eight resonators, having
resonant frequencies of 3.38 GHz, 3.64 GHz, 3.93 GHz,
4.26 GHz, 4.57 GHz, 4.86 GHz, 5.17 GHz, and 5.49 GHz,
approximately evenly distributed across the frequency band
from 3 GHz to 6 GHz. The results of a preliminary study on this
coplanar-waveguide multi-resonator were presented in [13].
Here, the design of the multi-resonator was carried out using
computer simulation, and the optimum dimensions are listed in
Table 1. Figure 8 shows the prototyped coplanar waveguide
multi-resonator on a Rogers substrate, RO4350B. The insertion
loss (i.e., S,;) of the prototype was measured using a network

analyzer (Agilent programmable network analyzer E5071C).
Figure 9 shows the simulated and measured insertion losses.
There were eight distinct resonant nulls across the UWB
frequency band, which were created by the eight coplanar
waveguide resonators, and could be used for encoding eight data
bits for tag-identification purposes. The presence of a null could
be used to represent the logic “0,” while the absence of the null
could be used to represent the logic “1,” or vice versa. The
spectral signature in Figure 9 could thus be used to represent a
data pattern of “00000000” for a tag ID.

As mentioned before, shorting two open stubs in the copla-
nar waveguide resonator of Figure 2¢ could shift the resonance to
a higher frequency. Figure 10 shows the results before and after
shorting two open stubs of each of the eight coplanar waveguide
resonators. It can be seen that shorting the stubs shifted bit 1 from
3.38 GHz to about 11.4 GHz, bit 2 from 3.64 GHz to 12.3 GHz,
and bit 3 from 3.93 GHz to 13.4 GHz. The shifted nulls were all
beyond the UWB frequency range, with much smaller insertion
losses. Bits 4 to 8 were shifted to the higher frequencies beyond
14 GHz, which could not be shown in Figure 9 due to the small
scale. This property could thus be used to encode different bit
patterns (i.e., IDs) into the tags by shorting the stubs of different
resonators. Note that in Figure 10, the resonators generated
some spurious responses at frequencies about two times the
corresponding resonant frequencies. However, this would not
be a problem for detection because the reader, having detected
aresonant frequency for a bit, could estimate the corresponding
spurious response at about two times the frequency, and then
easily remove (equalize) it. As a result, our design could fully
use up the whole UWB frequency range.

This idea of shorting was also used in [5], where the
authors used the shorting of a spiral turn of the tag’s spiral
resonator shown in Figure 11 to shift the resonant frequency.
The result is reproduced in Figure 12. Similar to our design,
the spiral resonator had a spurious response at 4.5 GHz,
slightly more than twice the resonant frequency. This design
was inferior to ours in two ways, as explained in what follows.
First, the insertion loss of the resonant null was only 7 dB. In
contrast, for our resonators, the insertion losses of the nulls as
shown in Figure 10 were larger than 19 dB, leading to better
detection performance. (Note that insertion loss should always

22

Figure 8. The prototype eight-bit multi-resonator.
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Insertion Loss (dB)
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Figure 9. The measured and simulated insertion losses of
the eight-bit multi-resonator.
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Figure 10. The simulated resonant frequencies, shifted by
shorting both stubs in the coplanar waveguide resonators.
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Figure 11. The tag’s spiral resonator used in [5].
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Figure 12. The frequency shift of the resonant frequency
with shorting the spiral turn in [5] (the solid line is the
shorted spiral; the dashed line is the non-shorted spiral).

—— S11, Measured
—e— S11, Simulated

S11 (dB)

Frequency (GHz)

Figure 13. The measured and simulated S;; values of the
reader’s antenna.
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be positive and not negative, as shown in Figure 12.) Second,
Figure 11 shows that the resonant null of the spiral resonator
was shifted only by a factor of about 1.85, from about 2.1 GHz
to 3.9 GHz, with the insertion loss reducing to 3 dB. If the
spiral resonator was designed to work, say, at 3.5 GHz in the
UWB frequency range, shorting would only shift the resonance
by a factor of 1.85, to about 6.5 GHz, which would still be in
the UWB frequency range. Since the authors in [5] used the
detection criterion of the insertion loss being larger than 1 dB,
the 3 dB insertion loss of the shifted null as shown in Figure 12
could easily cause a false detection. As a result, the whole UWB
frequency range could not be fully utilized, and hence a lower
number of tag IDs could be accommodated.

3.3 Reader Antennas

As shown in Figures 3a and 3b, the reader antennas were
fabricated using the dimensions listed in Table 2 on two Rogers
substrates, each with dimensions of 180 mm x 120 mm: see
Figure 3c. The simulated and measured S}; values are shown in

Figure 13, indicating good agreement across the UWB fre-
quency range. The antenna had an impedance bandwidth (for
S17 £ -10dB) from 2.25 GHz to 10.76 GHz, which not only met

our RFID system-bandwidth requirement of 3 GHz to 6 GHz,
but also fully satisfied the FCC UWB requirement.

The boresight gains, and one-dimensional, two-dimen-
sional, and three-dimensional radiation patterns of the reader
antenna were also studied by simulation and measurement.
Figure 14a shows the simulated and measured boresight gains
across the UWB frequency range. The discrepancies were
mainly due to the SMA connector, which was not used in our
simulation model, and the tolerances in prototype fabrication.
The measured boresight gain was between 6 DBi and 10.8 dBi
across the UWB frequency range. From 3 GHz to 6 GHz (which
was used in the proposed RFID system), the variation was less
than 2.5 dB. The measured two-dimensional radiation pattern
from 2 GHz to 11 GHz in the yz plane is shown in Figure 14b,
indicating more sidelobes at higher frequencies. The simulated
and measured one-dimensional radiation patterns for co-
polarization in the xy plane and in the xz plane at 3 GHz, 6 GHz,
8 GHz, and 11 GHz are shown in Figures 15a-15d, respectively.
It can be seen that the sidelobe levels were less than —10dB
across the UWB frequency range. Figure 16 gives better views
of the measured three-dimensional radiation patterns at 3 GHz,
6 GHz, 8 GHz, and 11 GHz. Although there were many sidelobes
at higher frequencies, the main lobe was still quite obvious, and
relatively strong.

3.4 Mutual Coupling Reduction

The effects on mutual-coupling reduction of using horizon-
tal and vertical polarizations in the uplink and downlink,
respectively, in the RFID system, and using a copper plate to
separate the uplink and downlink signals, were studied by
measurement. In these studies, the reader transmitting and
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Figure 16. The measured three-dimensional radiation patterns of the reader’s antenna at (a) 3 GHz, (b) 6 GHz, (¢) 8 GHz,
and (d) 11 GHz.
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receiving antennas were placed at a distance of 12 cm apart,
inside the quiet zone of the anechoic chamber. In the absent of
the tag, the measured mutual coupling values (indicated by S5 )

at the reader antenna for different arrangements are shown in
Figure 17. It could be seen that when the two reader antennas
were both placed in parallel and so using the same vertical
polarization, the mutual coupling between them was slightly
below —30dB on average, about —20 dB at 2 GHz and —-30dB
at 9 GHz. When the two reader antennas were perpendicular to
each other, the mutual coupling was reduced to slightly below
—40dB across the whole frequency band. Using different
polarizations in the uplink and downlink thus reduced the mutual
coupling by about 10 dB more, on average. When a copper plate
was used to separate the uplink and downlink signals, Figure 17
showed that the mutual coupling was further reduced by more
than 10 dB, on average. Under this condition, the mutual
coupling was between —50dB to —80 dB across the frequency
band tested, and about —54 dB at 3.5 GHz and —60 dB at 9 GHz.
The transmitting and receiving antennas were virtually
“invisible” to each other, providing a very good testing
environment for our RFID system.

3.5 Measurements of the RFID System

The complete chipless tag shown in Figure 2 was fabri-
cated on a Rogers substrate with a dimension of LxW =154
mm X 55 mm. It was used in our RFID system of Figure 1 for
measurements of S,;. To reduce the noise effects in the

measurement environment, the RFID system was set up in the
quiet zone of the anechoic chamber. Figure 18 shows a photo of
the system setup, where the copper plate was removed in order
to give a better view of the reader’s antennas. For measurement
of S, , the Agilent programmable network analyzer (E5071C),

with output power set at —10 dBm, was placed outside of the
chamber to reduce interference due to reflections. The reader’s
antennas and the tag were mounted in fixed positions by using
low-loss foam. The two reader antennas were positioned so that
their boresights were pointing at the corresponding tag antennas
with the same polarizations, in order to have maximum co-
polarization.

The S,, values of the reader’s antennas, of the tag’s anten-
nas, and of the whole RFID system varied with frequency, and
these variations would affect the detection performance of the
system. A reference tag without any resonator was used to
eliminate these variations, and to extract the changes in S, due
only to the resonators (which created the spectral signature).
Figure 19a shows the measured amplitudes of S,; for the
reference tag and for two tags with IDs of 0000000 and
10101010, at a distance of 5 cm from the reader’s antennas. This
distance was measured from the front edges of the Vivaldi
antennas to the surfaces of the corresponding tag’s antennas. It
could be seen that the S,; of the reference tag gradually
decreased from about —30dB at 3 GHz to about —45dB at
6 GHz. The variation in S,; was due to different parts of the

RFID system, and not the multi-resonator. Figure 19a shows that
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for the other two tags, the S,; values also had a similar trend,

i.e., gradually decreasing with frequency, with the eight
amplitude-resonant nulls superimposed on the values. The S5,

variation of the system made these resonant nulls less obvious
than those shown in Figure 9, and this would cause difficulties in
the detection of the spectral signatures. To reduce the effects of
this S,; variation, which existed in all the tags, we subtracted

the S,; values of the detected tags from that of the reference tag
in the log scale, to obtain the amplitude difference, Sy;4 - The

results are shown in Figure 19b. It could be seen that the resonant
nulls of the two tags in terms of S, Were more obvious, so

the corresponding bits representing the logic “0” could be more
easily detected. The S,y for the bits representing the logic

“1” for the tag (ID: 10101010) were close to 0 dB, which could
also be casily detected at the reader.

To study the S;4yr values at different distances, the tag,

together with its supporting foam, was moved away from the
reader’s antennas from 5 cm to 30 cm with a step size of 5 cm.
This is indicated by the yellow arrows shown in Figure 18, and
the moving was done without changing the orientations of
cither the reader’s or the tag’s antennas. The Sy;4 of the two

tags are shown in Figure 20, which indicated that as the distance
increased, the S;4 values became smaller. However, even at

adistance of 30 cm, the spectral signature was still distinguishable.
This was due to the high O of the multi-resonator and the high

isolation between the reader’s transmitting and receiving
antennas. With different measured distances, the S5, values

of the tag with ID: 00000000 at the null frequencies are listed in
Table 3. If the maximum detectable S5, was —1dB, as used

in [5], our system had a reading range of larger than 30 cm, at
least three times greater than that reported in [5].

It should be noted that although a low transmitted power
of —10 dBm from the reader’s transmitting antenna was used in
the measurements, the reading range could not be increased by
using a higher transmitted power, for the following reason. In
the present of large interference, as in our case, the reading
range was mainly determined by the signal-to-interference ratio
(S/1) at the reader’s receiving antenna, and interference

mainly came from the reader’s transmitting antenna.

We carried out more measurements to verify this explana-
tion, as follows. We used a programmable network analyzer to
feed a signal with a frequency spectrum from 3.995 GHz to
4.005 GHz to the reader’s transmitting antenna of the RFID
system, and we used a spectrum analyzer to display the power
received from the reader’s receiving antenna. (The signal with
a narrow frequency spectrum from 3.995 GH to 4.005 GHz was
used in order to easily synchronize the programmable network
analyzer with the spectrum analyzer for display.) The
measurement was done in the absence of the RFID tag. The
received powers measured by feeding transmitted powers of
10 dBm, 0 dBm, —10dBm, and —-20dBm to the reader’s
transmitting antenna are shown in Figure 21. It could be seen
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Figure 18. The UWB RFID system set up in the anechoic
chamber for measurements.
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Table 3. The amplitude differences for the chipless tag (ID: 00000000) at different distances.

Distance | Bit1 | Bit2 | Bit3 | Bit4 | Bit5 | Bit6 | Bit7 | Bit8
5cm -8.79 | —11.67 | —18.44 | —11.11 | —18.29 | -10.45 | —13.46 | —6.43
10 cm —7.48 -6.08 | 2133 | —-19.54 | —6.24 -8.47 | —10.61 -8.76
15 cm -1294 | 944 | -16.73 | -9.89 -9.49 -7.69 | —1541 | -13.07
20 cm -10.99 | -1034 | -3.82 | -16.06 | —12.22 | —4.23 —4.49 -5.61
25 cm -9.16 —5.66 -3.06 -2.35 -3.05 -3.83 —6.07 -5.92
30 cm -5.17 -3.54 -4.27 -1.86 -2.07 -1.69 -3.87 -1.98
0 i o = 20 dBm but the received signal would become weaker due to the path
-45 - S —— tg = 10 4Bm loss, resulting in a lower S/I. The S/I was thus determined
50 3 —tp=0dBm only by the measured distance, and was independent of the
— ] 3 j——tp=10dBm .
E : ; transmitted power.
D 55 ] '
g -60 The receiver sensitivity required to detect the resonant
e _65_' : i nulls depended on the bandwidths at the thresholds used for
2 i 3 detection of the nulls. With a wider bandwidth, the receiver
© -704 . . .
8 ] could sense the corresponding bit over a wider frequency
= s - range without making an error. However, as shown in Fig-
i 5 : ure 20, different resonant nulls had different bandwidths, which
] also varied with the reading range and the thresholds used for
-85 . : . : . . . . . . . . e . . .
- . - . .- Py > detection. The receiver sensitivity thus required varied with the
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Figure 21. The powers received from the reader’s receiving
antenna for different transmitted powers, tp.

that when the transmitted power was increased by 10 dBm, the
interference level at the reader’s receiving antenna was also
increased by the same amount: 10 dB. As a result, the S//

remained unchanged. Note that the result for the transmitted
power of —30dBm could not be shown on the spectrum
analyzer, which had the noise floor at about —80 dBm.

We also conducted the reading-range measurement when
the output power from the programmable network analyzer was
reduced to the minimum of —30 dBm. The results showed that
the reading ranges remained the same. This was again because
in the present of large interference, the reading range was
determined by the S/I . At a transmitted power of —30dBm,
the interference was still quite large, and so was still the
dominant factor. However, if the interference was low enough
for noise to become dominant, the reading range would be
determined by the signal-to-noise ratio (S/N), which was
determined by the measurement environment. Under this
condition, the minimum transmitted power for the RFID system
would depend on the noise level of the environment, which in
our case was below —100dBm (the specification for our
anechoic chamber).

If the measured distance was increased by moving the tag
away from the reader, the interference would remain unchanged
(for the same positions/orientations of the reader’s antennas),
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reading range, the threshold used for detection, and also the
resonant nulls.

To study the receiver sensitivity required for each resonant
null, we measured the —1.6 dB bandwidths for all the resonant
nulls representing the logic “0” in Figure 20. At the shorter
distances of 5 cm, 10 cm, 15 c¢cm, and 20 c¢cm, some resonant
nulls did not have any bandwidth because the S;,4; values

were larger than —1.6 dB. In these cases, different thresholds
needed to be used. For the distances of 25 ¢cm and 30 cm, the
—1.6 dB bandwidths for different resonant nulls are shown in
Table 4. It could be seen that at 30 cm, bit six had the narrowest
bandwidth of only 5 MHz, and thus the receiver was required to
be very accurate in frequency in order to detect the null. An
offset of 2.5 MHz from the center frequency could have caused
an error in detection. Bit one had the widest bandwidth of
202 MHz, and hence could have tolerated a frequency offset up
to 101 MHz. At the smaller distance of 25 cm, all bits had wider
bandwidths. At this distance, bit four had the narrowest
bandwidth of 88 MHz, and bit one had the widest bandwidth of
284 MHz, so they could have tolerated frequency offsets of
44 MHz and 142 MHz, respectively.

Since the proposed RFID system respectively employed
vertical and horizontal polarizations in the downlink and uplink
to reduce interference, it was important to study the system’s
tolerance to polarization mismatching between the tag’s anten-
nas and the reader’s antennas. Studies were conducted to
measure the S,14 values when one of the reader’s antennas

was rotated clockwise along the horizontal centerline, while
keeping the tag’s orientation unchanged. At a distance of 5 cm,
the measurement results for angles of rotation from 0° to 20°
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Table 4. The —1.6 dB bandwidths for the chipless tag (ID: 00000000) at distances of 25 cm and 30 cm (MHz).

Distance | Bit1 | Bit2 | Bit3 | Bit4 | Bit5 | Bit6 | Bit7 | Bit8

25 cm 284 114 126

88 93 115 291 278

30 cm 202 92 113

35 47 5 113 42
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Figure 22a. The measured S, values for a tag (ID:

00000000) with a clockwise rotation of the vertically
polarized reader’s antennas at a distance of 5 cm.
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Figure 22b. The measured S, values for a tag (ID:

00000000) with a clockwise rotation of the horizontally
polarized reader’s antennas at a distance of 5 cm.
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with a step size of 5° for the reader’s antenna are shown in
Figure 22. As expected, increasing the angle of rotation
decreased the S;4 value. At an angle of rotation of 20°, the

Sy14iy values for some bits were above —1.6 dB. It should be

noted that rotating the reader’s antenna not only caused polari-
zation mismatching between the reader’s and tag’s antennas, but
also increased interference between the reader’s antennas. If the
maximum detectable Sy was —1.6 dB, the system could

tolerate a rotation of about 15° for one of the reader’s antennas
at a reading range of 5 cm. It should be noted that at other
distances, the tolerance would be less than this value.

4. Conclusions

The design of a novel chipless UWB RFID system,
employing printable uniplanar chipless tags and a pair of high-
gain reader antennas, has been presented. The tag ID was
encoded into the spectral signature in the UWB frequency band
via a coplanar waveguide multi-resonator, and could be simply
programmed by shorting the open stubs of the resonators. The
detection of the tag’s ID was based only on the amplitude of
the spectral signature, significantly simplifying the complexity
of detection. Vertical and horizontal polarizations were
respectively employed in the uplink and downlink signals to
reduce mutual coupling. A copper plate was used at the reader
to further reduce the mutual coupling. Results showed that this
combination could reduce the mutual coupling by more than
20 dB. The tag’s UWB antennas, the multi-resonator, and the
reader’s antennas were studied by computer simulation and
their performance verified by measurement. Measured results
of the UWB RFID system in an anechoic chamber showed that
the system could achieve a reading range of at least 30 cm,
much longer than the distance of 10 cm reported for a similar
system. The proposed system thus has great potential for short-
range item tracking at low cost.
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