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Radio frequency identification (RFID) is a growing technology for monitoring and 
recognizing objects, persons, or animals via wireless communications. Precisely, RFID 
can operate longer range and has an ability to be automated without human control. 
Chipless RFID tag basically is a RFID tag that does not require a microchip in the 
transponder. The major impediments in designing chipless RFID tag are data encoding 
and transmission.  The passive chipless RFID tag can be fabricated on any substrate 
material without external operating circuit, which is different compared to a 
conventional chipped RFID tag.  In this paper, 20 resonators are used to design a   20-
bit chipless RFID tag, which operates at the ultra-wideband (UWB) frequency range 
between 3.00 and 10.00 GHz. It is found that the additional resonators can encode data 
and increase the chipless RFID tag's encoding capacity significantly. In sum, multiple 
resonators enable the chipless RFID tag to encode data at different operating 
frequencies. 
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1. Introduction 
 

In this modern age of advanced technologies, radio frequency identification, also known as RFID, 
is a growing technology for monitoring security system [1–2] and recognizing objects, persons, or 
animals in wireless communications [3]. Basically, RFID technology has various sensing, object 
identification, product tracking, and logistics applications using digital communications [2], which 
have gained interest by technologies [4]. The RFID technology has gained much attention for Internet 
of Things (IoT)-based applications, which require RFID tags embedded with sensors [5–6].  RFID 
technology is intended to replace barcodes because of its low capacity for data, and it is complicated 
to reprogramming the information. The RFID tag and RFID reader are the two main elements of this 
emerging technology. The RFID tag encodes and transmits the data; the RFID reader will receive the 
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data and extracts the coded information. Due to higher costs than barcodes, the RFID technology is 
relatively slow in implementation in applications [7]. 

RFID tags are classified into three types: active RFID tag, semi-passive RFID tag, and passive RFID 
tag. The active RFID tag has its microchip embed and an internal power source. Compared to the 
active RFID tag, the passive RFID tag has no internal power supply. The passive tag relies on the 
antenna electric current caused by the incoming radio frequency (RF) signal and is rectified to power 
the integrated circuit (IC) tag to transmit the response signal. The semi-passive RFID tag is comparable 
to the passive RFID tag with the addition of a battery, which helps to achieve a comparatively longer 
lifetime than the passive RFID tag [5]. 

Microchips play a significant role in RFID technology. However, the industry also has a growing 
interest in developing a tag with no active electronics, like an utterly passive RFID tag. Chipless RFID 
tag basically requires neither battery nor power source or a silicon chip to capture information 
wirelessly [8]. Chipless RFID tag is fundamentally a simple passive antenna or resonator. In contrast, 
chip-based RFID tag passive sensors require power source for activation from the reader through 
wireless power transfer (WPT) [9]. The nonexistence of a battery and a silicon chip in the chipless 
RFID tag may decrease the cost of the sensor and achieve a theoretically infinite lifetime. Moreover, 
the lack of any electronic circuit, chipless RFID sensors are possibly applicable for tough environments 
[10–13].  

The working principle of the chipless RFID tag works as shown in Figure 1.  The particular signature 
of the chipless RFID tag is communicated with the RFID reader antenna by the backscattering 
principle and electromagnetic waves [7]. Previous studies have been done in designing various 
unique shapes of chipless tags, such as butterfly-shaped slots in tag [14], circularly shaped tag, and 
multi-resonator-based chipless tag holding capacity of 3-bits [15–16]. 

Due to the passivity of the chipless RFID tag, this technology opens doors for low-cost chipless 
RFID applications. For example, it will be difficult for the existing chipped RFID tag to sensing a water 
bottle package in a refrigerator at a cold temperature because IC functionality may fail in sub-zero or 
cold temperatures [5]. Moreover, a broader range of possibilities also is opened up with the chipless 
RFID technology. For instance, the chipless RFID tag can be fabricated on any substrate such as thin 
paper material to hard metal, challenging to accomplish with the chipped RFID tag [7]. 
 

 
Fig. 1. Principles of Chipless RFID [7] 

 

Many applications use integrated sensors and encoding of data sensing such as moisture sensing, 
temperature sensing, human surveillance, stress sensing, light sensing, humidity, and gas detection 
[4]. The main drawback to adopting the RFID technology because the cost is relativity higher 
compared to current technologies, such as barcodes. The chipless RFID tag does not require an 
external circuit to operate compared to chipped RFID tags [5]. Two general types of chipless RFID 
tags can be designed and developed, which are the time domain-based and spectral or frequency 
domain-based, respectively [9]. Generally, the time domain-based chipless RFID tags need a large 
printed circuit board (PCB) manufacturing technology and are unable to encode a high number of 
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bits [17]. Due to this limitation, the frequency domain-based chipless RFID tag using multiple 
resonators will be designed instead to encode data in this paper. In this case, the chipless tag will 
encode data into the spectrum using resonant structures [18]. Theoretically, additional resonators 
may increase the frequency domain-based chipless RFID tag's encoding capacity. 

In contrast, the limitation in the number of bits is critical in tracking and identification 
applications, where the chipless RFID tag competes with the barcode technology for commercial 
product labelling [19]. 
 
2. Design of 20-Bit Chipless RFID Tag  

 
A 20-bit chipless RFID tag design starts with determining the dielectric material where a proper 

material will enhance the performance of the chipless RFID tag. Then, approximation parameters for 
the dimension of the design and resonator layout pattern will be done. After that, a simulation and 
a full-wave analysis are done using the CST Studio Suite software.  The S-parameters result then will 
be examined to identify whenever the frequency response is acceptable or not. There is a need to 
change the dimensions if the frequency response is not acceptable and re-check the frequency 
response is acceptable or not for the 20-bit chipless RFID tag.  Figure 2 shows the flowchart process 
in determining the 20-bit chipless RFID tag frequency response. 

 

Start

Select dielectric material

Approximation of layout 
parameters

Perform full wave 
analysis

Extract S-parameters vs 
frequency

Is the 
resonant frequency 

acceptable?
Is return loss 

less than 10 dB?

Change 
dimensions

Stop

 
Fig. 2. Flowchart of Determining the Frequency 
Response 
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As shown in Figure 3, the substrate material (in cyan colour) is the polyethylene terephthalate 
(PET) whereas the conductor material (in yellow colour) is the copper foil in the chipless RFID tag 
design. 

 

 
Fig. 3. Chipless RFID Tag Materials 

 
The PET substrate, as shown in Figure 4 provides an additional feature of flexibility [8]. The PET 

substrate thickness is 0.1 mm, its dielectric constant, 𝜀𝑟 is 2.9 and its loss tangent value, 𝛿 is 0.0025. 
The copper foil thickness is 0.025 mm and its conductivity is 5.96 × 107 S/m, respectively.  

 

 
Fig. 4. Polyethylene Terephthalate (PET) 

 
In this paper, the octagonal slot resonator chipless RFID tag consists of 1 patch and 21 octagonal 

slot resonators is designed. Hence, the chipless RFID tag has 8 segments. In this case, resonant 
frequency for each bit at each gap between octagonal slot resonators is generated. 

The 20-bit chipless RFID design has its parameter of the slot gap, inner slot and outer slot to 
achieve 20 bit of data for its dimensional or material used for the substrate.  There are two different 
20-bit chipless RFID tag designs for radar cross-section (RCS) and S11 parameter, respectively.  This is 
because the chipless RFID tag design for RCS can backscatter the information from certain predefined 
angle. The RCS of the tag is designed where each resonator is treated as a separate scatterer 

Substrate 

Conductor 
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completely characterized by a specific reflection coefficient [20].  In contrast, the chipless RFID tag 
design for S11 parameter can backscatter the information to front only not from different angle.   

Table 1 enlists the parameter values of slot gap for the 20-bit RFID chipless design.  As shown in 
Figure 5, the chipless RFID tag design 1 consisting of copper foil and PET for RCS has resonators 
separated by gaps to produce a bandpass filter (BPF). The gap of each slot increases as the number 
of resonators increases, as shown in Table 1. The wider or narrow the gap will result in different 
resonant frequencies. 
 

Table 1 
Parameter Value of Slot Gap for Design 1 
Parameter Value (mm) 

Gap of each slot Gap no. 1 to no. 2 0.15  

Gap no. 3 to no. 20 0.20 

Gap no. 21 0.40 

 

 
Fig. 5. Polyethylene Terephthalate (PET) 

 
Each resonator consisting of copper foil in the chipless RFID tag design 1 with a substrate of PET 

for RCS has a different radius to ensure resonant frequency does not collide with a neighbouring 
resonant frequency. As shown in Table 2, the inner and outer parameters create a suitable slot for 
each resonator for the chipless RFID tag design 1. 

As shown in Figure 6, the gap of chipless RFID tag design 2 consisting of copper foil and PET for 
S11 has resonators separated by gaps to produce a bandpass filter (BPF). The gap of each slot increases 
as the number of resonators increases, as shown in Table 3. The wider or narrow the gap will result 
in different resonant frequencies. 
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Table 2  
Dimensions of the Chipless RFID Tag Design 1 for Slot 
Radius of each slot Inner slot (mm) Outer slot (mm) 

Patch 0 8 
1st slot 8.30 8.6 
2nd slot 8.90 9.2 
3rd slot 9.6 10 
4th slot 10.4 11 
5th slot 11.4 12 
6th slot 12.4 13 
7th slot 13.4 14 
8th slot 14.4 15 
9th slot 15.4 16 
10th slot 16.4 17 
11th slot 17.4 18 
12th slot 18.4 19 
13th slot 19.4 20 
14th slot 20.4 21 
15th slot 21.4 22 
16th slot 22.4 23 
17th slot 23.4 24 
18th slot 24.4 25 
19th slot 25.4 26 
20th slot 26.4 27 
21st slot 27.8 28.4 

 

 
Fig. 6. Parameter of Slot Gap for Design 2 
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Table 3 
Parameter of Slot Gap for Design 2 
Parameter Value (mm) 

Gap of each slot Gap no. 1 0.80  
Gap no. 2 to no. 11 0.20 
Gap no. 12 to no. 14 0.30 
Gap no. 15 0.35 
Gap no. 16 0.40 
Gap no. 17 0.60 
Gap no. 18 to no. 19 0.50 
Gap no. 20 0.60 
Gap no. 21 1.10 

 
Each resonator consisting of copper foil in the chipless RFID tag design 2 with a substrate of PET 

for S11 has a different radius to ensure resonant frequency does not collide with a neighbouring 
resonant frequency. As shown in Table 4, the inner and outer parameters create a suitable slot for 
each resonator for the chipless RFID tag design 2. 

 
Table 4 
Dimensions of the Chipless RFID Tag Design 2 for Slot 
Radius of each slot Inner slot (mm) Outer slot (mm) 

Patch 0 8 
1st slot 9.6 10 
2nd slot 10.4 11 
3rd slot 11.4 12 
4th slot 12.4 13 
5th slot 13.4 14 
6th slot 14.4 15 
7th slot 15.4 16 
8th slot 16.4 17 
9th slot 17.4 18 
10th slot 18.4 19 
11th slot 19.4 20 
12th slot 20.6 21 
13th slot 21.6 22 
14th slot 22.6 23 
15th slot 23.7 24 
16th slot 24.8 25 
17th slot 26.2 26.4 
18th slot 27.4 27.6 
19th slot 28.6 28.8 
20th slot 30 30.2 
21st slot 32.4 32.6 

 
3. Results and Discussion 

 
The chipless RFID tag design with the design 1 parameter values as in Table 1 and Table 2, can 

achieve 20 bits in the frequency range from 3.00 to 10.00 GHz. As shown in Figure 7, the resonant 
frequency for each bit can be viewed in the RCS probe.  The RCS curve is relatively high of -20 dBm2 
notched across all bits. The narrow resonant dips represent the individual octagonal resonances. In 
this case, the RCS level has the resonance dips between 8 and 13 dB deep. The use of PET as the 
substrate material has enabled the chipless RFID to operate between 3.00 and 10.00 GHz. Therefore, 
PET is a suitable material for RCS of the chipless RFID tag in tracking/identification. 
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Fig. 7. RCS of the PET as 20-bit Chipless RFID Tag Substrate 

 
The RCS curve is relatively high of -20 dBm2 notched across all bits. The narrow resonant dips 

represent the individual octagonal resonances. In this case, the RCS level has the resonance dips 
between 8 and 13 dB deep. The use of PET as the substrate material has enabled the chipless RFID 
to operate between 3.00 and 10.00 GHz. Therefore, PET is a suitable material for RCS of the chipless 
RFID tag in tracking/identification. 

Moreover, the PET-based chipless RFID tag is tested also on the ability to operate different bits 
or set of identifications (IDs) while maintaining 20-bit capacity information in the RCS probe result.  
The first design of a chipless RFID tag contains its unique identification of 01010101111010101010, 
which is obtained by removing resonator no. 1, 3, 5, 7, 9, 14, 16, 18, and 20, as shown in Figure 8. 
The RCS graph curve shows the new ID of the PET-based chipless RFID tag after removing the 
resonators, and the resonant frequency has changed, as shown in Figure 9. 

 

 
Fig. 8. PET-Based Chipless RFID Tag of ID = 
01010101111010101010 
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Fig. 9. PET-Based Chipless RFID Tag RCS of ID = 01010101111010101010 

 
Moreover, there is an analysis on the performance of S11 parameter at different distances, such 

as 100, 150, 200, and 300 meters between the PET-based chipless RFID tag structure and the 
transceiver device.  Figure 10 shows the three distance setups for testing whereas Figure 11 shows 
that the simulation results are similar for those three distance setups. 
 

  
100 meters 150 meters 

  
200 meters 300 meters 

Fig. 10. PET-based Chipless RFID Tag Distance Visual Testing 
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Fig. 11. PET-based Chipless RFID Tag S11 Simulated Result in Different Distances 

 
Then, there is also an analysis on the surface current of the PET-based chipless RFID tag to 

determine whether each of the resonators operates at the given frequency. Each bit has its resonant 
frequency at where it operates, which can be viewed at surface current analysis.  Table 5 shows the 
selected bit 1, 10, and 20 resonators for S11 resonant frequency and its surface current, respectively. 
The colour indicates the electromagnetic resonating at the gap of the resonator octagonal at each 
bit. Table 5 can be used to verify which resonator is active when the bit is 1 or inactive when the bit 
is 0. 

Table 5  
Surface Current at each Selected Bit for PET-based 
RFID Tag Design for S11 
No. of Bit Frequency Surface Current 

1 0.84 GHz 

 
10 2.184 GHz 
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20 6.924 GHz 

 
 

Finally, there is an on the far-field radiation pattern of the chipless RFID tag operating at the given 
frequency. Each bit has its resonant frequency at its operation, which can be viewed as a radiation 
pattern at far-field analysis.  Table 6 enlists the selected bit 1, 10, and 20 resonators RCS resonant 
frequency and its radiation pattern whereas Table 7 enlists the selected bit 1, 10, and 20 resonators 
S11 resonant frequency and its radiation pattern, respectively.  The redder colour indicates the higher 
gain at the gap of the resonator octagonal at each bit. 

 
Table 6 
Far-Field at each Selected Bit for PET-based RFID Tag Design for RCS 
No. of Bit 2-Dimensional 3-Dimensional 

1 

  
10 

  
20 
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Table 7 
Far-Field at each Selected Bit for PET-based RFID Tag Design for S11 
No. of Bit 2-Dimensional 3-Dimensional 

1 

  
10 

  
20 

  
 
4. Conclusions 
 

In conclusion, the PET-based chipless RFID tag is able to encode 20-bit data where 19-bits are 
used for identification, and one bit left is used for sensing, respectively. The resonator is designed to 
encode data at different frequencies with different width and length. The design and simulation is 
performed using the CST software to verify the frequency response for each different bit. The 20-bit 
chipless RFID tag occupied the frequency range for tracking/identification is from 3.00 to 10.00 GHz. 
The 19-bit can be assigned 219 = 524,288 different tag identifications, so there are different 
frequencies for each resonator. This kind of chipless RFID tag can be applied for commercial products 
or systems in the near future. 
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