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Abstract—Conventional radio-frequency identification (RFID) 
tags consist of a chip and a printed antenna. As the chip set is 
manufactured via the fabrication technology of application-
specific integrated circuit, the cost of the chip is much higher 
than that of the antenna. Furthermore, soldering the chip to the 
antenna requires an additional procedure, so the main cost of an 
RFID tag comes from the chip. To eliminate this main cost, 
“chipless RFID” removes the use of a tag chip. Chipless RFID 
tags encode data by using several electromagnetic resonators, 
which can be directly printed on paper or plastic films; thus, the 
cost of chipless tags is reduced to a level as low as barcodes. 
Nevertheless, in order to increase the capacity of chipless RFID, 
the resonators are required to depict a narrow bandwidth. 
Although several resonators have been proposed for this 
application, the design that leads to the narrowest bandwidth is 
still inconclusive. In this study, we investigate the bandwidth of 
twenty-four resonators that have been employed in chipless RFID 
tags. It is observed that the quarter-wavelength slot, the circular 
slot and the Hilbert-curve resonators provide a narrowband 
feature. These resonators have a potential to enable the chipless 
tag to enhance capacity. 
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I. INTRODUCTION 

Radio-frequency identification (RFID) has been extensively 
used in various commercial applications. An RFID system 
employs a reader and tags, which transfer data through the 
technique of inductive coupling or backscattering modulation. 
The technique of inductive coupling depicts a read range that is 
smaller than dozens of centimeters, and the frequency band 
includes 125 kHz at the low-frequency (LF) band and 13.56 
MHz at the high-frequency (HF) band. In contrast, the 
technique of backscattering depicts a larger read range that is 
greater than one meter. The operating frequency band includes 
the ultra-high-frequency (UHF) band and the very-high-
frequency (VHF) band. Although these conventional RFID 
techniques have been extensively studied, the cost of a tag has 
been converged and is difficult to be further reduced. In 
particular, the cost of a UHF tag is about 20 cents in 2017. As 
the cost of the tag is inversely proportional to the number of 
tags used, such a high cost limits the extensive usage of RFID 
technology. To satisfy the requirement of internet of things 

(IoTs), which depicts billions of interconnected sensors, it is 
urgent to reduce the cost of the tag.  

The inevitably high cost of the tag is caused by the use of a 
chip. Fig. 1 depicts the structure of a conventional tag, which 
comprises a printed antenna and a chip. The fabrication of this 
tag requires three steps: antenna fabrication, integrated chip (IC) 
welding and lamination. The antenna fabrication relies on 
etching, printing or plating. Either option depicts the feature of 
low cost. In contrast, the IC welding requires an additional 
procedure such as anisotropic conductive paste, anisotropic 
conductive film and flip-chip methods. The cost of the IC 
welding is significantly higher than that of the antenna 
fabrication. However, the use of the chip is necessary because 
the information is recorded using the chip. This limitation 
converges the cost of the conventional tag, and such a high cost 
is difficult to be reduced unless the usage of the chip can be 
eliminated. 

The RFID technique that eliminates the use of the chip is 
called “chipless RFID”. In fact, several international IoT 
industries are developing chipless RFID in recent years, 
although only a relatively expensive chipless technique based 
on surface acoustic wave has been commercialized [1].  
Chipless RFID can be classified into a time-coded [2], 
frequency-coded [3], phase-coded [4] and hybrid-coded system 
[5]. Among them, the frequency-coded chipless RFID leads to 
the lowest cost for the tag fabrication, and it depicts the 
potential of high capacity. Nevertheless, the frequency-coded 
chipless RFID faces several challenges that have not yet been 
overcome. The system architecture, operational frequency, tag 
design, reader transceiver, design of reader antenna and signal 
processing of the frequency-coded chipless RFID are 
completely different from those of the conventional RFID. For 
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Fig. 1. Illustration of a conventional RFID tag. 
 



example, the frequency-coded chipless RFID employs 
electromagnetic (EM) resonators to construct a tag, instead of 
an antenna with a highly inductive input impedance [6]. In 
order to implement this technique in real-world applications, 
more number of studies are required.  

This study intends to investigate the topology of the EM 
resonators that leads to a narrowband characteristic for the 
chipless tag. Although several resonators have been proposed 
[7–19] for this application, the topology of the resonator that 
leads to the narrowest bandwidth is still inconclusive. Only by 
minimizing the bandwidth can the capacity of the system be 
enhanced. To this end, the bandwidth of radar cross section 
(RCS) for twenty-four resonators is evaluated. All the 
resonators are constructed with single-sided printing so that 
they can be manufactured straightforwardly and attached to an 
object. The performance supplemented using CST simulation is 
demonstrated. 

II. FREQUENCY-CODED CHIPLESS RFID 

The frequency-coded tag can be classified into a 
backscatter-based tag [7–16] and a bandpass-filter-based tag 
[17–19]. The backscatter-based tag consists of several EM 
resonators. When a broadband EM wave illuminates the tag, 
some resonators designed at this frequency band function as a 
radiator, thereby varying the backscattering power. In contrast, 
the other resonators that are not operated at this band do not 
influence the backscattering power. Thus, the backscattering 
power depicts two levels, which can be further encoded as 
binary data. Fig. 2 shows an example of the backscatter-based 
tag. The two tags represent “1000” and “1100”, respectively. 
The difference between them is the information relating to the 
second bit, which is caused by the configuration of a slot. 
Using two monopole antennas that are designed to operate at 
2.0–4.5 GHz, we measure the associated RCS response for the 
two tags. The measured results are depicted in Fig. 3. As can be 
observed, the second bit demonstrates two distinct levels, 
which can be defined as 0 and 1, respectively. Using this 
technique, previous studies have proposed various topologies 
for the EM resonator, including circular [7], L-shape [8], dual-
polarized stub [9], dipole-segment [10], U-shape [11], dual-
rhombic [12], octagonal [13], slot [14], pixel [15] and step-
impedance [16] configuration. The operational mechanism of 
these resonators can be clarified using high impedance surfaces 
[20] or frequency selective surfaces [21]. Some previous 
studies focus on the printability of the chipless tag using inkjet 
printing technology [22]. However, the ultimate objective of 
these resonators is to depict the resonance with a high quality 
factor and a narrow bandwidth.  

Additionally, the bandpass-filter-based tag employs two 
orthogonally-polarized antennas interconnected with a 
bandpass filter [17–19]. The first antenna transmits an 
impinged signal to the second antenna, and this signal is 
attenuated by the bandpass filter. Thus, when the second 
antenna re-radiates the signal back to a reader, the reader can 
decode the binary data on the tag. The bandpass-filter-based tag 
can be designed using microwave filter theory. On the other 
hand, the backscatter-based chipless tag is required to be 
evaluated using full-wave simulation, which is relatively 

computationally expensive. However, the bandpass-filter-based 
tag usually depicts a larger size.  

As both the tags employ several EM resonators, to 
investigate the bandwidth of the resonators is important. In the 
next section, we analyze the RCS bandwidth of twenty-four 
resonators, clarifying the design guidelines that lead to 
enhanced capacity for the frequency-coded chipless RFID. 

III. COMPARISON OF THE BANDWIDTH OF RESONATORS 

The topology of the EM resonators to be investigated 
includes a thin strip, step impedance, first-order Z-curve strip, 
second-order Z-curve strip, dual L strip, S-curve strip, circular 
slot, half-wave slot, circular split ring, circular loop, dual 
circular loop, circular loop with a disk, meander strip, C-curve 
strip, C-curve extended strip, dual-rhombic resonator, second-
order Hilbert curve, third-order Hilbert curve, quarter-wave slot, 
square split ring, square loop, dual square loop and square loop 
with a disk. Their geometries are depicted in TABLE I. In order 
to directly attach the tag to an object for item-level tagging, 
these resonators are printed single-sided and the other side is 
not metalized.  

These resonators are designed to depict a fundamental 
resonance at 3 GHz. The 3-dB RCS bandwidth of these 
resonators is evaluated using CST simulation. Additionally, the 
amplitude of the RCS at 3 GHz is analyzed. The conductor is 
assigned to be copper, and the substrate is RO4003 (relative 
permittivity εr = 3.5 and loss tangent tanδ = 0.002). As a result, 
the 3-dB bandwidth and the amplitude of the RCS are 
summarized in TABLE I. 

 
Fig. 2. Schematic of the frequency-coded chipless RFID tags that use four 
EM resonators. 
 

 
Fig. 3. RCS responses of the frequency-coded chipless RFID tags. 

 



TABLE I presents the potential of capacity enhancement 
using these resonators. Although some resonators (such as the 
circular loop and the dual L strip) have a relatively extensive 
bandwidth, which causes RCS aliases for two successive 
frequency slots, several topologies depict the narrowband 
characteristic. In particular, the circular slot depicts a 

bandwidth of 32 MHz, and the quarter-wave slot depicts a 
bandwidth of 25 MHz. These resonators provide the narrowest 
bandwidth. Additionally, the C-curve extended strip and the 
second- and third-order Hilbert curve resonators have a 
bandwidth of less than 45 MHz. These resonators are 

TABLE I.  COMPARISON OF THE BANDWIDTH FOR TWENTY-FOUR RESONATORS 

Resonator Illustration 
Bandwidth 

(MHz) 
RCS (dB) Resonator Illustration 

Bandwidth 
(MHz) 

RCS (dB)  

Thin strip 
 

436  –21.6  Meander strip 
 

159  –21.4 

Step impedance 

 

435  –21.2 C-curve strip #1 
 

60  –41 

1st-order Z-curve 
strip 

 

120 –22.2 C-curve strip #2 

 

120  –24.4 

2nd-order Z-curve 
strip 

 

68 –26.1 
C-curve extended 

strip 
 

35  –24.4 

Dual L strip 

 

584  –23.6 Dual rhombic 

 

129  –19.4 

S-curve strip 

 

70  –23.0 
2nd order Hilbert 

curve 
 

40 –25.8 

Circular slot 

 

32 –42.7 
3rd order Hilbert 

curve 
 

40 –35.2 

Half-wave slot 
 

130 –46.2 Quarter-wave slot 
 

25  –34.2 

Circular split ring 
resonator 

 

62 –25.6 
Square split ring 

resonator 
 

65 –25.6 

Circular loop 

 

552 –18.9 Square loop 

 

492 –19.3 

Dual circular loop 

 

82  –20.7 Dual square loop 

 

90 –20.6 

Circular loop with 
a disk 

 

100 –20.2 
Square loop with 

a disk 
 

112 –19.8 

 



recommended for being implemented in the chipless tag, as 
they can increase the resolution for a chipless RFID system. 

IV. CONCLUSION 

In this study, we have provided design guidelines for the 
resonators that are employed in the chipless RFID tag. The 
background of the frequency-coded chipless RFID has been 
illustrated. Based on the requirement of this application, we 
have designed twenty-four resonators, evaluating the RCS 
response. It is observed that the quarter-wavelength slot, the 
circular  slot, the C-curve extended strip and the Hilbert-curve 
resonators depict narrow bandwidths. These resonators have a 
potential to provide the chipless tag with enhanced capacity. 
These design rules are expected to provide guidance for future 
chipless tag development. 
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