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I. INTRODUCTION 

Since Cardullo and Parks [1] introduced RFID supporting 

passive radio transponders with memory in the early 1970s, a 

number of research studies have been conducted. The RFID 

system without an IC chip, so-called chipless RFID, is suggest-

ed as a substitute for the barcode system. Chipless RFID tags 

are classified into three types depending on the modulation 

mechanisms, such as time, frequency, or phase [2]. Among the 

three types, RFID tags using spectral signature modulation is 

considered to be a good candidate for the upcoming market due 

to its encoding capacity. Early versions of spectral signatures 

were realized on microstrip substrate using copper. 

Jalaly and Robertson [3] introduced the RF barcode using 

multiple dipole antennas. Each element resonates at different 

frequencies depending on their width and gap capacitance. 

Multi-resonator based chipless RFID tags, which support up to 

35 bits of encoding capacity, were presented [4, 5]. They used 

multi-resonating circuits with 35 spiral resonators and two 

cross-polarized antennas. However, most previous models have 

not achieved the goal of chipless RFID tags because of their 

bulky size and high cost. 

In recent years, rapid advancements in materials have led 

RFID tags to be printed on paper using conductive ink [6-10]. 

This type of fabrication has remarkably lowered the cost and 

size of RFID tags, but the low conductivity issue remains as a 

drawback. Preradovic and Menicanin [11] presented a fully 

printable 3D stacked chipless RFID tag. Multiple dipole ele-

ments were printed on 5 m polyimide film with conductive ink. μ

The cross-polarization expanded the data capacity to 8 bits. 

However, the reading range was relatively short (less than 20 cm) 

due to low conductivity. 

In this paper, we present novel, fully printable chipless RFID 

tags based on dipole array structures. The tags encode data by 

using spectral signature modulation. The reading range of the 

proposed dipole array structure is greatly enhanced by the tags’ 
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increased antenna gain. The tags are screen-printed onto plain 

paper using conductive ink. In addition, it will be shown that 

tags can be designed at any desired frequency within the UHF 

and SHF bands. The effect of the proposed chipless RFID tags 

is also discussed in terms of RFID tag types, number of ele-

ments, reading ranges, and so on.  

II. DESIGN OF CHIPLESS RFID TAGS 

Two different types of chipless RFID tags are depicted in 

Figs. 1 and 2, respectively, and are differentiated according to 

the number of operating frequencies they support. 

The geometry shown in Fig. 1 supports a single frequency. 

The tag is composed of a number of identical elements. The 

length of the dipole antenna, l, is determined by the operating 

frequency, which is about a half-wavelength. Here, g represents 

the distance between dipole elements, which is also about a 

half-wavelength; w represents the line width of the dipole ele-

ment. The dipole elements are arranged in the form of an m × 

n array where m and n denote the number of array elements in 

rows and columns, respectively. The design shown in Fig. 2, 

which is composed of different lengths of dipoles, supports mul-

ti-frequencies. The dipole set with a length of l1, l2, …, lN is 

considered to be one element, so a 2 × 1 array is formed in Fig. 

2. The dipoles resonate at different frequencies by interacting 

with their pair antennas, which are located a half-wavelength 

(λ1/2, λ2/2, …, λN/2) away from each other. This structure is 

better suited to the UHF band due to the available space be-

tween the array pairs. Two suggested structures are designed 

based on a half-wavelength antenna array. A number of studies 

have shown, through theoretical and experimental results, that 

the array structure improves antenna gain [12, 13]. 

The operating principle of the proposed RFID tags is simply 

based on presence and absence states [11]. When tags are locat-

ed between two reader antennas, they contribute to a strong 

stopband. Encoding 0 or 1 can be easily determined by distin- 

 

 
Fig. 1. Design for single-frequency dipole array structure. 

 
Fig. 2. Design for multi-frequency dipole array structure. 

 

guishing their presence or absence. Fig. 3 shows several types of 

the fabricated RFID tags: Fig. 3(a)-(c) show the RFID tags 

supporting single frequency. Fig. 3(d) shows the multi-fre-

quency RF tag operating between 2.5 and 4 GHz, which sup-

ports 3 bits of encoding capacity. The specific dimensions of the 

tags are given in Table 1. 

III. PRINTING CHIPLESS RFID TAGS ON PAPER 

For the fabrication, we chose Silveray-RM conductive ink, 

which is formulated for printed electronics applications, such as 

RFID and membrane switches. The ink contains 55%–66% 

silver paste that provides 5–10 m of thickness. The curable μ

temperature is 150℃ and the time is less than 30 minutes. The 

average resistance of the ink is 23.01 m /Ω □. Its conductivity is 

approximately 6%–7% compared to that of copper. The thick-

ness of a single sheet for a fabricated RFID tag on paper is 

about 110 m.μ  

A partial microscopic view of the fabricated RFID tag is 

shown in Fig. 4. It is obvious that the conductivity of printed  

 

(a) (b) 
 

 

(c) (d) 

Fig. 3. Fabricated chipless RFID tags. (a) RFID tag at 8.7 GHz 

(A-4), (b) RFID tag at 10 GHz (B-3), (c) RFID tag at 14 

GHz (C-1), and (d) RFID tag at 2.5/3/4 GHz (D). 
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lines is lower than that of a metal-based medium, since the 

small particles of conductive ink are not homogeneous. There-

fore, the proposed array structure can be more advantageous for 

overcoming the innate limitation of conductive ink. 

 Paper has a number of advantages as a substrate. Firstly, it is 

cost-effective and therefore well suited to mass production. Se- 

condly, it supports inkjet-, screen-, and reel-to-reel printing 

techniques. We chose the screen-printing method to demon-

strate that it is a good candidate for mass production. Moreover, 

unlike chemical substrates such as FR-4 and PET films, paper 

is an environmentally benign material: it is not harmful, and it 

decomposes easily. However, the electrical characteristics of 

paper should be considered before designing RFID tags on it. 

Previous studies [14-16] have already shown that paper has ap-

propriate electrical properties as a substrate for UHF and SHF 

frequency bands. 

 

 

Fig. 4. Microscopic view of RFID tag (A-4). 

IV. EXPERIMENTAL RESULTS 

Various measurements were made to validate the proposed 

chipless RFID system. Fig. 5 illustrates the measurement setup. 

Two vertically polarized horn antennas are placed bi-statically at 

a distance of d within an anechoic chamber. The horn antenna 

(LB-7180) covers 0.7–18 GHz and has gain of 12 dBi. A vector 

network analyzer (N5230A) is used; the Tx power is set to 0 

dBm and is employed in all experiments. The chipless RFID 

tags under test are placed at the center, between two horn an-

tennas. 

Fig. 6 shows simulated and measured S21 values for various 

combinations of RFID tags. The distance d is fixed at 1 m. In 

order to realize the 3 bits of data, we used three prototypes (A-1, 

B-1, and C-1) corresponding to Table 1. The total thickness of 

tags under test is approximately 330 m. The ‘111’ coding case μ

in Fig. 6 shows that the simulated and measured results are in  
 

 
Fig. 5. Diagram of measurement setup. 

Table 1. Dimensions of fabricated chipless RFID tags 

Type 
f 

(GHz) 

l  

(mm) 

g 

(mm)

ω 
(mm) 

m × n  

(array) 

Total size 

(cm2)

(A-1) 

8.7 15 18 0.5 

11 × 8 20 × 14

(A-2) 9 × 6 16 × 10.8

(A-3) 7 × 5 14 × 9.0

(A-4) 6 × 4 10 × 6.9

(B-1) 

10.5 13 14 0.5 

11 × 8 14 × 11.7

(B-2) 9 × 6 11.2 × 8.8

(B-3) 7 × 5 9.8 × 7.3

(B-4) 6 × 4 7.0 × 5.8

(C-1) 

14 10 11 0.5 

11 × 8 11 × 9.8

(C-2) 9 × 6 8.8 × 7.0

(C-3) 7 × 5 7.2 × 5.8

(C-4) 6 × 4 5.5 × 4.1

(D) 

2.5 55 65 (λ1/2)

0.5 2 × 2 7.5 × 12.5 3 45 55 (λ2/2)

4 35 45 (λ3/2)
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Code: 111 

 

 

  
Code: 011 

 
 

 

  
Code: 101 

 
 

 

  
Code: 110 

 

Fig. 6. Measured attenuation of 3-bit chipless RFID tags in SHF 

band. 

 

agreement. The other measurements in Fig. 6 (codes ‘011’, ‘101’, 

and ‘110’, respectively) were obtained using two different chip-

less RFID tags. The results reveal distinctive difference in S21 

with a strong nulling effect, and also prove that the closely stuck 

tags did not cause any interference or frequency shift. However, 

the mutual coupling effect should be considered when expand-

ing the number of bits. 

Fig. 7 shows the attenuation in dB scale with respect to the 

number of dipole elements used in the array structure. The dis-

tance d is fixed at 1 m. The attenuation values in Fig. 7 are cal-

culated by subtracting the present case of S21 values from the 

absent case. The 11 × 8 array tag presents up to 18 dB differ-

ence while the 6 × 4 array tag exhibits an average difference of 

4 dB. A slight center-frequency shift is observed in Fig. 7. It is 

presumed that this is caused by a minor error in the measure-

ment position or angle. Fig. 8 shows the measured attenuation 

with respect to distance variation, using tags (A-1) and (C-1) in  

 
Fig. 7. Measured attenuation results with respect to the number of 

array elements. 

 

 
Fig. 8. Measured attenuation with respect to distance d using tags 

(A-1) and (C-1). 
 

 
Fig. 9. Measured attenuation of 3-bit chipless RFID tag in UHF 

band using tag (D). 

 

Table 1. The results indicate that RFID tags create more than 

10 dB difference when d varies from 1 to 2 meters. Furthermore, 

the attenuation values gradually decrease as d increases. Fig. 9 

shows the simulated and measured attenuation values for the 

RFID tag operating in the UHF and SHF bands. Tag (D) in 

Table 1 is used, and the distance d is varied from 0.5 m to 1.2 m.  
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Fig. 10. Measurement setup for various RFID tag positions, PN. 

 

 
Fig. 11. Measured result for various RFID tag positions, PN. 

 

This type of design supports 3 bits of encoding capacity with a 

single layer of printed paper. The simulated and measured re-

sults at a distance of 0.5 m show relatively positive agreement. 

Meanwhile, an average 5 dB difference is observed at a distance 

of 1 m. 

Fig. 10 shows the measurement setup with respect to the dif-

ferent positions of the RFID tags. The distance, d, is fixed at 

1.5 m. Tag (A-1) in Table 1 is used in this test. Each position 

PN denotes the distance from the Tx antenna. The measured S21 

values are given in Fig. 11 with respect to position variation. 

The results indicate that changing the position of the tag hori-

zontally does not affect frequency shift.  

V. CONCLUSION 

This study presented a fully printable chipless RFID system 

with a dipole array structure. We enhanced the reading range up 

to 2 m, which is 5 to 10 times further than earlier studies [9, 11]. 

The tags were printed on eco-friendly paper using conductive 

ink. The dipole array structure played an important role in in-

creasing the gain of the passive tags, and compensated for the 

low conductivity of the conductive ink while maintaining the 

low transmission power of 0 dBm. It was shown that various 

combinations of multi-layer tags can provide up to 6 bits of in-

formation. Additionally, we verified that the tags can be de-

signed at any desired frequency within the UHF and SHF 

bands. In conclusion, the proposed chipless RFID system, with 

its low cost, eco-friendly application, and longer reading range, 

showed great potential to replace current RFID systems. 
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