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Abstract

In this paper, the design of a novel chipless ultra-wideband radio-frequency identifi cation (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 signifi cantly simplifi es 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.

K eywords: 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 identifi cation industry has been 
growing very fast in recent years, radio-frequency identi-

fi cation (RFID) technology has found more applications in 
various fi elds, including retail-chain management, asset identi-
fi cation, access control, movement tracking, and vehicle secu-
rity [1, 2]. An RFID system mainly consists of three compo-
nents: one or more identifi cation tags (or transponders), a reader 
(transceiver) interface to communicate with the tags, and a data 
processing unit (host computer). The reader is usually fi xed 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 com munication system. 
The tag is usually composed of an antenna and an application-
specifi c integrated circuit (ASIC) for storing the tag’s ID and 
data. For low-cost RFID systems, the tags are always passive, 

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, insuffi cient ranging resolution for accurate localization, 
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our journals are being read by researchers and engineers from 
other fi elds, who are also submitting papers to our journals. To 
cater for the increased demand from within and outside our 
fi eld, AdCom is currently considering a new journal based on 
applications.

 One of the existing publications is our Magazine, which 
continues its vital role of information dissemination for the 
Society. It provides details of Society activities, a summary of 
world-wide AP activities, as well as refereed articles of gen eral 
interest to Society members. 

 When I fi rst joined the Society, members received a Soci-
ety Newsletter. After thirty-fi ve years as a Newsletter it was 
converted to a Magazine in 1990, when David C. Chang held 
the President’s position. The fi rst Magazine issue had a color 
cover and a slightly revised format. Ross Stone was Editor both 
before and after the conversion, and he has remained in this role 
ever since. The Society is extremely grateful to Ross for his 
contributions to the Magazine, and also to AdCom, over many 
years. 

 The lifeblood of the Society comes from volunteers such 
as Ross, Jennifer, and many others, including those named 
above. I strongly encourage all Society members to consider 
volunteering for the many positions in the Society and to 
AdCom. I am very grateful to the Society for providing me 
with many opportunities to serve the profession. Volunteer 
opportunities range from Chapter committee positions, Section 
coordinators, AdCom, Distinguished Lecturer, and so on to 
President. There are roles and positions for all types of inter ests. 
As well, it is  my belief it is important to give time back to the 
profession (sometimes referred to as “science citizenship”) as 

others have done before us. This is to emphasize the strengths 
and benefi ts of our fi eld, to encourage newcomers, provide 
professional opportunities, and coordinate activities. Otherwise, 
the excellent skills that have been built up over many years are 
easily squandered through neglect. 

 As I have indicated above, my Presidential term is likely 
to be dominated by the fi ve-year review of the activities of the 
Society. This review occurs in two parts: a publications review 
and an operations review. In addition, my intention is to focus 
a little more on our Chapters, as these are at the grassroots of 
the Society, and are our lifeblood for identifying new talent 
ranging from researchers to Society administrators. I will be 
arranging times for Chapter Chair meetings at several major 
regional conferences, much like the Chapter Chairs meeting at 
the annual Symposium, to hear about grassroots issues.

 Another major focus for me this year will be our publica-
tions. As well as a matter for the Society review, our publica-
tions continue to grow in size. All Editors-in-Chief are work ing 
under the strain of increased paper submissions, resulting in 
increased workload for all and delays in publications. The need 
for a new publication has been mentioned above, and this topic 
will be further worked on this year.

 Finally, the number of conferences to which the Society 
makes fi nancial contributions continues to increase. My aim 
will be for us to concentrate our attention on conferences that 
best meet the needs of our Society, and for our fi eld’s contri-
butions to be fully recognized.

 As well as these challenges, I’m looking forward to inter-
acting with the membership of this great IEEE Society.
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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 piezo electric 
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 signa tures, 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 fre quencies, 
many bits can be encoded into the spectral signatures for tag 
identifi cation. 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 fabri cated 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 sepa rate the reader’s 
transmitting and receiving antennas. As a result, we could use 
only the amplitude of the spectral signa ture 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 signa ture to simplify the detection 
complexity, yet achieving a reading range substantially larger 
than that reported before. Measurements of the chipless UWB 
RFID system were con ducted inside an anechoic chamber using 
a programmable net work analyzer (PNA), an Agilent E5071C, 
for signature detec tion. The results showed that the system could 
achieve a read ing range of grater than 30 cm, at least three times 
longer than that reported in [5]. 

 Several chipless RFID systems were proposed and stud ied 
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:

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 ampli tude for 
detection. Moreover, the authors in [5] designed a 
six-bit chipless tag to operate in the fre quency 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 per formance 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 resona tor 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 

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 Sec tion 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 receiv ing 
antenna. As the signal traveled through the coplanar waveguide, 

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, con sisted of eight 
coplanar-waveguide resonators in a group, rep resenting 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 pro totype 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 transmit ting antenna transmitted 
a vertically polarized signal in the downlink, and the receiving 
antenna received a horizontally polarized signal in the uplink. 

Figure 1. The operating principle of the chipless UWB RFID system. 
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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 piezo electric 
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 signa tures, 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 fre quencies, 
many bits can be encoded into the spectral signatures for tag 
identifi cation. 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 fabri cated 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 sepa rate the reader’s 
transmitting and receiving antennas. As a result, we could use 
only the amplitude of the spectral signa ture 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 signa ture to simplify the detection 
complexity, yet achieving a reading range substantially larger 
than that reported before. Measurements of the chipless UWB 
RFID system were con ducted inside an anechoic chamber using 
a programmable net work analyzer (PNA), an Agilent E5071C, 
for signature detec tion. The results showed that the system could 
achieve a read ing range of grater than 30 cm, at least three times 
longer than that reported in [5]. 

 Several chipless RFID systems were proposed and stud ied 
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:

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 ampli tude for 
detection. Moreover, the authors in [5] designed a 
six-bit chipless tag to operate in the fre quency 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 per formance 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 resona tor 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 

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 Sec tion 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 receiv ing 
antenna. As the signal traveled through the coplanar waveguide, 

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, con sisted of eight 
coplanar-waveguide resonators in a group, rep resenting 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 pro totype 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 transmit ting antenna transmitted 
a vertically polarized signal in the downlink, and the receiving 
antenna received a horizontally polarized signal in the uplink. 

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 
signifi cantly reduced. In Fig ure 1, the chipless tag had two UWB 
monopole antennas, one for receiving the vertically polarized 
signal and one for trans mitting 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 × 40 cm, between the reader’s 
transmitting and receiving antennas, as shown in Figure 1. The 
results in Sec tion 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 Ω 
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 Ω. 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 polari zation. The ends of the 
coplanar waveguide had a half-elliptical shape, with a major 
radius of a  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 1R  and 2R  [12]. 

 Coplanar waveguide resonators in different structures have 
been studied before, e.g., the 2λ  open-ended coplanar 
waveguide resonators and 4λ  coplanar waveguide resonators 
used to design band-stop fi lters [17, 18]. However, those reso-
nators were too large to be used in our design. Here, we pro pose 
a new 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, 

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

from the largest resonator to the smallest resonator. To reducing 
mutual coupling between resonators, the distance, aL , 
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 compro mising the fabrication 

tolerance and compact size, we fi xed the segment widths, 2w  
and 3w , to be 0.3 mm. Our results showed that the lengths, cL  
and dL , of the resonator could be used to set the resonant 
frequency. Moreover, shorting the two open stubs to the other 
sides by making 0dL =  could shift the resonance to a much 
higher frequency, and, at the same time, substantially reduce the 
insertion loss ( 21S ). 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 fi xed 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 dL , 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 instantaneous bandwidth, a signifi cantly high peak 
gain, and linear polarization [19, 20], and so it was a per fect 
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 fi elds of the antenna as 
indicated in Figure 3a were same as those indi cated in Figure 1. 
The antennas had a profi le of an exponen tially tapered slotline, 
ending with a circular-slotline cavity. The exponentially tapered 
profi le was defi ned by the position of the origin, indicated as O  
in Figure 3a; the opening rate, r ; and the two coeffi cients, 1c  

and 2c  [20]. These were related according to 1 2
rxy c e c= + , 

where x  was from 0 mm to 150 mm in our design. This profi le 
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 opti mized for 11 10S < − dB 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 anten nas 
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 × 4 m × 8 m anechoic 
chamber in our Radio Frequency Lab. 

Figure 2a. A side view of the chipless UWB RFID tag.

Figure 2d. The prototype of the chipless UWB RFID tag.
Figure 2c The coplanar waveguide resonator of the chip less 
UWB RFID tag.

Figure 2b. A top view of the chipless UWB RFID tag.
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As a result, the mutual coupling between the two antennas was 
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and 2c  [20]. These were related according to 1 2
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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 opti mized for 11 10S < − dB across the UWB 
frequency range using computer simulation; they are listed in 
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3. Results and Discussions
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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 × 4 m × 8 m anechoic 
chamber in our Radio Frequency Lab. 
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Table 1. The dimensions of the chipless UWB–RFID
tag (mm).

L 154

W 55

'W 32

gL 39.3

1R 4.3

2R 5

rR 15

H 0.254

T 0.035

a 16

b 8

G 3.3

S 0.3

1W 0.8

2W 0.3

3W 0.3

4W 0.4

dL 0.3

aL 3

1
cL 9.7

2
cL 8.4

3
cL 7.3

4
cL 6.4

5
cL 5.8

6
cL 5.3

7
cL 4.8

8
cL 4.4

Figure 3b. A bottom view of the reader’s antenna
struc ture.

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

Figure 3c. The prototype of the reader’s antenna.

 Table 2. The dimensions of the reader’s antenna (mm).

yL 180

yW 120

fL 30

oL
30

fW 77.6

α 75°

β 85°

R 6

1w 2.4

2w 0.3

3w 18

r 0.022

1c
1.7

2c 1.2

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 11S  of the antenna are shown in 
Figure 5. The antenna had an impedance bandwidth ( 11 10S ≤ −
dB) from 3.06 GHz to over 10.82 GHz, fully satisfy ing 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 pat terns had 
two nulls in the positive and negative z directions, typical for 
monopole antennas.

Figure 5. The measured and simulated 11S  values for the 
UWB monopole antenna.

Figure 4. The prototype of the UWB monopole antenna.

 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. 
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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 11S  of the antenna are shown in 
Figure 5. The antenna had an impedance bandwidth ( 11 10S ≤ −
dB) from 3.06 GHz to over 10.82 GHz, fully satisfy ing 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 pat terns had 
two nulls in the positive and negative z directions, typical for 
monopole antennas.

Figure 5. The measured and simulated 11S  values for the 
UWB monopole antenna.

Figure 4. The prototype of the UWB monopole antenna.

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

Figure 7. The measured three-dimensional radiation pat terns of the UWB monopole antenna at (a) 3 GHz, (b) 6 GHz, (c) 
8 GHz, and (d) 11 GHz.
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Figure 6. The simulated and measured radiation patterns at 3 GHz in the (a) xz  and (b) xy  planes; at 5 GHz in the (c) xz  
and (d) xy  planes; and at 11 GHz in the (e) xz  and (f) xy  planes.

Figure 7. The measured three-dimensional radiation pat terns of the UWB monopole antenna at (a) 3 GHz, (b) 6 GHz, (c) 
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, hav ing 
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., 21S ) 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-identifi cation 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 2c 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 fre quency 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 
reso nators. Note that in Figure 10, the resonators generated 
some spurious responses at frequencies about two times the 
corre sponding resonant frequencies. However, this would not 
be a problem for detection because the reader, having detected 
a resonant 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 

Figure 8. The prototype eight-bit multi-resonator.

Figure 9. The measured and simulated insertion losses of 
the eight-bit multi-resonator.

Figure 10. The simulated resonant frequencies, shifted by 
shorting both stubs in the coplanar waveguide resonators.

Figure 11. The tag’s spiral resonator used in [5].

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).

Figure 13. The measured and simulated 11S  values of the 
reader’s antenna.

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 × 120 mm: see 
Figure 3c. The simulated and measured 11S  values are shown in 
Figure 13, indicating good agreement across the UWB fre-
quency range. The antenna had an impedance bandwidth (for 

11 10S ≤ − dB) 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 satisfi ed 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 pat terns 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 10− dB 
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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reso nators. Note that in Figure 10, the resonators generated 
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 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 
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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 × 120 mm: see 
Figure 3c. The simulated and measured 11S  values are shown in 
Figure 13, indicating good agreement across the UWB fre-
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11 10S ≤ − dB) from 2.25 GHz to 10.76 GHz, which not only met 
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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 
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from 2 GHz to 11 GHz in the yz plane is shown in Figure 14b, 
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It can be seen that the sidelobe levels were less than 10− dB 
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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 14b. The measured two-dimensional radiation pat-
tern of the reader’s antenna in the yz  plane.Figure 14a. The simulated and measured boresight gains of 

the reader’s antenna.

Figure 15. The measured radiation patterns of the reader’s antenna in the xy  plane and in the xz  plane at (a) 3 GHz, (b) 
6 GHz, (c) 8 GHz, and (d) 11 GHz.

Figure 16. The measured three-dimensional radiation pat terns of the reader’s antenna at (a) 3 GHz, (b) 6 GHz, (c) 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 21S  ) 
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 30− dB on average, about 20− dB at 2 GHz and 30− dB 
at 9 GHz. When the two reader antennas were perpen dicular to 
each other, the mutual coupling was reduced to slightly below 

40− dB 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 sig nals, 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 50− dB 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 154L W× =
mm × 55 mm. It was used in our RFID system of Figure 1 for 
measurements of 21S . 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 21S , the Agilent programmable network ana lyzer (E5071C), 
with output power set at 10− dBm, was placed outside of the 
chamber to reduce interference due to refl ec tions. The reader’s 
antennas and the tag were mounted in fi xed 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 21S  values of the reader’s antennas, of the tag’s anten-
nas, and of the whole RFID system varied with fre quency, and 
these variations would affect the detection per formance of the 
system. A reference tag without any resonator was used to 
eliminate these variations, and to extract the changes in 21S  due 
only to the resonators (which created the spectral signature). 
Figure 19a shows the measured amplitudes of 21S  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 21S  of the reference tag gradually 
decreased from about 30− dB at 3 GHz to about 45− dB at 
6 GHz. The variation in 21S  was due to different parts of the 
RFID system, and not the multi-resonator. Fig ure 19a shows that 

for the other two tags, the 21S  values also had a similar trend, 
i.e., gradually decreasing with frequency, with the eight 
amplitude-resonant nulls superimposed on the values. The 21S  
variation of the system made these resonant nulls less obvious 
than those shown in Figure 9, and this would cause diffi culties in 
the detection of the spectral signatures. To reduce the effects of 
this 21S  variation, which existed in all the tags, we subtracted 
the 21S  values of the detected tags from that of the reference tag 
in the log scale, to obtain the amplitude difference, 21diffS . The 
results are shown in Figure 19b. It could be seen that the resonant 
nulls of the two tags in terms of 21diffS  were more obvious, so 
the corresponding bits represent ing the logic “0” could be more 
easily detected. The 21diffS  for the bits representing the logic 
“1” for the tag (ID: 10101010) were close to 0 dB, which could 
also be easily detected at the reader.

 To study the 21diffS  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 
either the reader’s or the tag’s antennas. The 21diffS  of the two 
tags are shown in Figure 20, which indicated that as the distance 
increased, the 21diffS  values became smaller. How ever, even at 
a distance of 30 cm, the spectral signature was still distinguishable. 
This was due to the high Q  of the multi-resonator and the high 
isolation between the reader’s transmit ting and receiving 
antennas. With different measured distances, the 21diffS  values 
of the tag with ID: 00000000 at the null fre quencies are listed in 
Table 3. If the maximum detectable 21diffS  was 1− dB, 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 I ) 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 dis play 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 pro grammable 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 trans mitted powers of 
10 dBm, 0 dBm, 10− dBm, and 20− dBm to the reader’s 
transmitting antenna are shown in Figure 21. It could be seen 

Figure 17. The measured 21S  values (mutual coupling) of 
the reader’s antennas in different arrangements.

Figure 18. The UWB RFID system set up in the anechoic 
chamber for measurements.

Figure 19a. The measured spectral signatures of the refer-
ence tag and of tags with IDs of 00000000 and 10101010, 
using amplitude difference at a distance of 5 cm.

Figure 19b. The measured spectral signatures of tags with 
IDs of 00000000 and 10101010, using amplitude difference 
at a distance of 5 cm.

Figure 20a. The 21diffS  values for a tag ID of 00000000 at 
different distances.

Figure 20b. The 21diffS  values for a tag ID of 10101010 at 
different distances.
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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 21S  ) 
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 30− dB on average, about 20− dB at 2 GHz and 30− dB 
at 9 GHz. When the two reader antennas were perpen dicular to 
each other, the mutual coupling was reduced to slightly below 

40− dB 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 sig nals, 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 50− dB 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 154L W× =
mm × 55 mm. It was used in our RFID system of Figure 1 for 
measurements of 21S . 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 21S , the Agilent programmable network ana lyzer (E5071C), 
with output power set at 10− dBm, was placed outside of the 
chamber to reduce interference due to refl ec tions. The reader’s 
antennas and the tag were mounted in fi xed 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 21S  values of the reader’s antennas, of the tag’s anten-
nas, and of the whole RFID system varied with fre quency, and 
these variations would affect the detection per formance of the 
system. A reference tag without any resonator was used to 
eliminate these variations, and to extract the changes in 21S  due 
only to the resonators (which created the spectral signature). 
Figure 19a shows the measured amplitudes of 21S  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 21S  of the reference tag gradually 
decreased from about 30− dB at 3 GHz to about 45− dB at 
6 GHz. The variation in 21S  was due to different parts of the 
RFID system, and not the multi-resonator. Fig ure 19a shows that 

for the other two tags, the 21S  values also had a similar trend, 
i.e., gradually decreasing with frequency, with the eight 
amplitude-resonant nulls superimposed on the values. The 21S  
variation of the system made these resonant nulls less obvious 
than those shown in Figure 9, and this would cause diffi culties in 
the detection of the spectral signatures. To reduce the effects of 
this 21S  variation, which existed in all the tags, we subtracted 
the 21S  values of the detected tags from that of the reference tag 
in the log scale, to obtain the amplitude difference, 21diffS . The 
results are shown in Figure 19b. It could be seen that the resonant 
nulls of the two tags in terms of 21diffS  were more obvious, so 
the corresponding bits represent ing the logic “0” could be more 
easily detected. The 21diffS  for the bits representing the logic 
“1” for the tag (ID: 10101010) were close to 0 dB, which could 
also be easily detected at the reader.

 To study the 21diffS  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 
either the reader’s or the tag’s antennas. The 21diffS  of the two 
tags are shown in Figure 20, which indicated that as the distance 
increased, the 21diffS  values became smaller. How ever, even at 
a distance of 30 cm, the spectral signature was still distinguishable. 
This was due to the high Q  of the multi-resonator and the high 
isolation between the reader’s transmit ting and receiving 
antennas. With different measured distances, the 21diffS  values 
of the tag with ID: 00000000 at the null fre quencies are listed in 
Table 3. If the maximum detectable 21diffS  was 1− dB, 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 I ) 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 dis play 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 pro grammable 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 trans mitted powers of 
10 dBm, 0 dBm, 10− dBm, and 20− dBm to the reader’s 
transmitting antenna are shown in Figure 21. It could be seen 

Figure 17. The measured 21S  values (mutual coupling) of 
the reader’s antennas in different arrangements.

Figure 18. The UWB RFID system set up in the anechoic 
chamber for measurements.

Figure 19a. The measured spectral signatures of the refer-
ence tag and of tags with IDs of 00000000 and 10101010, 
using amplitude difference at a distance of 5 cm.

Figure 19b. The measured spectral signatures of tags with 
IDs of 00000000 and 10101010, using amplitude difference 
at a distance of 5 cm.

Figure 20a. The 21diffS  values for a tag ID of 00000000 at 
different distances.

Figure 20b. The 21diffS  values for a tag ID of 10101010 at 
different distances.
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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 I  
remained unchanged. Note that the result for the transmitted 
power of 30− dBm could not be shown on the spectrum 
analyzer, which had the noise fl oor 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 30− dBm, 
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 environ ment, which in 
our case was below 100− dBm (the specifi ca tion 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), 

Table 3. The amplitude differences for the chipless tag (ID: 00000000) at different distances.

Distance Bit 1 Bit 2 Bit 3 Bit 4 Bit 5 Bit 6 Bit 7 Bit 8
  5 cm –8.79 –11.67 –18.44 –11.11 –18.29 –10.45 –13.46 –6.43
10 cm –7.48 –6.08 –21.33 –19.54 –6.24 –8.47 –10.61 –8.76
15 cm –12.94 –9.44 –16.73 –9.89 –9.49 –7.69 –15.41 –13.07
20 cm –10.99 –10.34 –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

Figure 21. The powers received from the reader’s receiv ing 
antenna for different transmitted powers, tp.

but the received signal would become weaker due to the path 
loss, resulting in a lower S I . The S I  was thus determined 
only by the measured distance, and was independ ent of the 
transmitted power.

 The receiver sensitivity required to detect the resonant 
nulls depended on the bandwidths at the thresholds used for 
detection of the nulls. With a wider bandwidth, the receiver 
could sense the corresponding bit over a wider frequency 
range without making an error. However, as shown in Fig-
ure 20, different resonant nulls had different bandwidths, which 
also varied with the reading range and the thresholds used for 
detection. The receiver sensitivity thus required var ied with the 
reading range, the threshold used for detection, and also the 
resonant nulls. 

 To study the receiver sensitivity required for each reso nant 
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 cm, and 20 cm, some resonant 
nulls did not have any bandwidth because the 21diffS  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 fre quency could have caused 
an error in detection. Bit one had the widest bandwidth of 
202 MHz, and hence could have tol erated a frequency offset up 
to 101 MHz. At the smaller dis tance of 25 cm, all bits had wider 
bandwidths. At this dis tance, 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 21diffS  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° 

Table 4. The 1.6− dB bandwidths for the chipless tag (ID: 00000000) at distances of 25 cm and 30 cm (MHz).

Distance Bit 1 Bit 2 Bit 3 Bit 4 Bit 5 Bit 6 Bit 7 Bit 8
25 cm 284 114 126 88 93 115 291 278
30 cm 202 92 113 35 47 5 113 42

Figure 22b. The measured 21diffS  values for a tag (ID: 
00000000) with a clockwise rotation of the horizontally 
polarized reader’s antennas at a distance of 5 cm.

Figure 22a. The measured 21diffS  values for a tag (ID: 
00000000) with a clockwise rotation of the vertically 
polarized reader’s antennas at a distance of 5 cm.

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 21diffS  value. At an angle of rotation of 20°, the 

21diffS  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 21diffS  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 resona tors. The 
detection of the tag’s ID was based only on the amplitude of 
the spectral signature, signifi cantly simplifying the complexity 
of detection. Vertical and horizontal polariza tions 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 cou pling 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 verifi ed by meas urement. 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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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 I  
remained unchanged. Note that the result for the transmitted 
power of 30− dBm could not be shown on the spectrum 
analyzer, which had the noise fl oor 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 30− dBm, 
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 environ ment, which in 
our case was below 100− dBm (the specifi ca tion 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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30 cm –5.17 –3.54 –4.27 –1.86 –2.07 –1.69 –3.87 –1.98

Figure 21. The powers received from the reader’s receiv ing 
antenna for different transmitted powers, tp.

but the received signal would become weaker due to the path 
loss, resulting in a lower S I . The S I  was thus determined 
only by the measured distance, and was independ ent of the 
transmitted power.

 The receiver sensitivity required to detect the resonant 
nulls depended on the bandwidths at the thresholds used for 
detection of the nulls. With a wider bandwidth, the receiver 
could sense the corresponding bit over a wider frequency 
range without making an error. However, as shown in Fig-
ure 20, different resonant nulls had different bandwidths, which 
also varied with the reading range and the thresholds used for 
detection. The receiver sensitivity thus required var ied with the 
reading range, the threshold used for detection, and also the 
resonant nulls. 

 To study the receiver sensitivity required for each reso nant 
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 cm, and 20 cm, some resonant 
nulls did not have any bandwidth because the 21diffS  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 fre quency could have caused 
an error in detection. Bit one had the widest bandwidth of 
202 MHz, and hence could have tol erated a frequency offset up 
to 101 MHz. At the smaller dis tance of 25 cm, all bits had wider 
bandwidths. At this dis tance, 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 21diffS  values when one of the reader’s antennas 
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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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Figure 22b. The measured 21diffS  values for a tag (ID: 
00000000) with a clockwise rotation of the horizontally 
polarized reader’s antennas at a distance of 5 cm.

Figure 22a. The measured 21diffS  values for a tag (ID: 
00000000) with a clockwise rotation of the vertically 
polarized reader’s antennas at a distance of 5 cm.

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 21diffS  value. At an angle of rotation of 20°, the 

21diffS  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 21diffS  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 resona tors. The 
detection of the tag’s ID was based only on the amplitude of 
the spectral signature, signifi cantly simplifying the complexity 
of detection. Vertical and horizontal polariza tions 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 cou pling 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 verifi ed by meas urement. 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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