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Abstract—In this paper, a Chipless RFID tag design based 
on Radar Cross Section (RCS) operating principle is proposed. 

The tag is implemented using a series of circular ring resonators 
to enable tag identification. The resonators are simulated and 
then fabricated on an FR4 substrate. A calibration technique 

using a ring resonator to improve the detection of 8-bit data is 
proposed and demonstrated. The fabricated tag is measured at 
a distance of 160 mm using the monostatic RCS method. The 

measurement results verify the simulation results and show 
accurate detection of the encoded information. 

Index Terms—antennas, chipless RFID, circular ring 

resonators, measurements, radar cross section. 

I.  INTRODUCTION  

Chipless Radio Frequency Identification (CRFID) 

technology is a low-cost passive RFID solution (Less than a 

cent per tag) as it does not require an RFID chip to operate [1, 

2]. Compared to passive chip-based RFID, which utilizes an 

RFID chip to store a variety of information (Such as 

Identification and Sensing data [3]) and modulate the signal, 

CRFID uses the antenna structure to encode identification 

information [4]. In chipped RFID, a sensor can be integrated 

with the chip to sense a parameter, such as temperature [5]. In 

CRFID, an antenna element such as a resonator can be used as 

a sensor. The identification and sensing information can be 

encoded in the structural mode of the antenna and retrieved 

using a specific operating principle [4]. The CRFID operates 

based on time domain, frequency (spectral) domain, and 

hybrid methods [6].  

In this paper, an 8-bit CRFID tag with novel calibration 

ring principle is designed, simulated and verified by 

measurements. The operating principle is based on Radar 

Cross Section (RCS) measurement of the tag, one of the 

frequency domain operating principles [7-15]. The RCS is 

measured using the on-off keying (OOK) amplitude 

modulation method in chipped RFID tags [2]. However, to 

perform OOK in CRFID the presence and absence of the 

resonators is utilized to vary RCS magnitude along the 

frequency band in the RCS response. The variations can also 

be achieved by detuning the resonators by short-circuiting or 

open-circuiting them. The OOK modulation in chipped RFID 

is performed in the time domain, whereas in CRFID that is 

performed in the frequency domain [2].  

The RCS of a CRFID tag is measured to retrieve the 

backscattered electromagnetic (EM) signature. The measured 

RCS response contains the maxima and minima used for 

encoding bit information [6]. The specific RCS response is 

achieved by using resonators of different resonant frequencies 

[16]. When an EM wave is incident towards the target (Tag), 

it reflects the overall RCS along the frequency band (Shown 

in Fig.1).  

 

Fig. 1. Overview of the RCS based Chipless RFID operating principle. 

The resonators are excited by the transmitted EM wave at 

specific frequencies and reflected. The reflected wave creates 

maxima and minima in the RCS response seen by the receiver 

antenna. The sequential maxima and minima can thus be used 

to represent the bits. The change in resonance (Magnitude or 

Phase) to change in the resonator could be used for sensing 

[17, 18]. RCS of the tag is a function of; Polarization of the 

incident wave, angle of incidence and reflection, the structural 

geometry and electrical properties of the tag, and the 

frequency of operation. It is measured in units of square 

meters (m2) or in decibels as dB(m2) or dBsm [2].  

A single layer CRFID tag (without a ground plane) is 

developed and measured using a single linearly polarized 

antenna for monostatic RCS detection [19]. The ultra-wide 

frequency band (UWB) of 3.1 to 10.6 GHz is used to encode 

the identification information, as discussed in the literature 

[20].  This paper is divided further into four sections. Section 

II discusses the key innovation of using a calibration bit 

principle in the tag design. Section III analyses the results 

from simulation and measurements for verification, Section 

IV compares the work with state of the art and, Section V 

concludes this paper with some discussion and future work. 

II. CRFID TAG DESIGN 

A. Chipless Tag design principles 

The CRFID tag is designed using microstrip Circular Ring 

Resonators (CRR) [21], as shown in Fig. 2. A total of ten rings 

on a 25 mm diameter FR4 disk are proposed for this design. 

The CRR are advantageous in terms of being insensitive to the 

polarization angle of the incident wave[14]. 



 

Fig. 2. Final prototype of an 8-bit CRFID tag. 

In our design, the outermost CRR is used as a calibration 

ring. The next eight rings are used for 8-bit data encoding. 

These will be discussed in detail in the following subsection. 

The innermost split-ring resonator is reserved for future work 

to test the sensing capability of the tag. Moreover, it can be 

used as the ninth bit for identification tags. The information 

from the tag is retrieved by measuring its RCS. CST 

microwave studio software [22] is used to simulate the tag. A 

vertically polarized plane wave is used to remotely excite the 

tag, and an RCS probe is used for measuring the RCS of the 

CRFID tag. The 1 mm thick FR4 substrate (Permittivity (r) = 

4.6 and Tan  = 0.025) is used with resonators made of copper 

of 0.035 mm thickness. In free space, the perimeter of a closed 

circular ring resonator is approximately equal to the resonant 

wavelength () of the ring [16]. A nested ring configuration is 

used in the final design, which utilizes the area within a CRR 

to improve bit capacity without increasing the tag size. 

However, when the resonator rings are close, mutual coupling 

occurs, affecting their resonant frequencies and radiating 

properties. The mutual coupling effect is difficult to model 

[14]. To predict the resonance frequency of each ring based 

on its perimeter, the mutual coupling between the rings is 

reduced as much as possible without increasing tag size. 

B. Encoding and Calibration ring principle 

In this paper, the RCS minima are used to represent the 

bit ‘1’ and a missing ring and the absence of its minima to 

represent bit ‘0’[2].  

 

Fig. 3. Encoding principle of 9-bit CRFID tag without calibration bit, (a) 

111111111 tag, (b) 010101111 tag, and (c) Simulated RCS response. 

A 9-bit CRFID tag is simulated with all rings present to 

encode ‘111111111’. The innermost ring is used for encoding 

to verify encoding and calibration ring principle. As shown 

in Fig.3a, all the nine rings (b1 to b9) are simulated and their 

RCS response are shown in Fig.3c. This “all 1” encoding will 

be taken as a reference to show the relevance of addition of 

the calibration ring in the design. A different bit combination 

(010101111) is encoded by removing the bit ‘0’ related rings 

(b1, b3, and b5) (Fig.3b). It is found that when the rings are 

removed the minima associated with it (b’1, b’3, and b’5) are 

also removed from the RCS response, however, the minima 

(b’2, b’4, b’6, b’7, b’8, and b’9) of the bit ‘1’ related rings shifts 

in frequency compared to the all ‘1’ encoded tag. For 

decoding a different bit combination, the shift in minima 

positions would introduce errors in data processing. The 

errors in this case are gathered in the first column of Table I.  

Therefore, a novel approach with a calibration ring is 

proposed, as shown in Fig.4.  

 
Fig. 4. Tag design with calibration ring (a) 111111111 (b) 010101111. 



 
Fig. 5. Simulated RCS response of 111111111 and 010101111 with 

calibration ring. 

The calibration ring creates a minimum (bc) in the RCS 

response, which supports the decoding of different bit 

combinations efficiently. In Fig.4a, the bit combination 

(111111111) employing the calibration bit principle is 

simulated. The minima (bC1 to bC9) represent the encoded data 

accurately for ‘111111111’. Further, when the rings (bC1, bC3, 

and bC5) are removed to encode (010101111), shown in 

Fig.4b, the corresponding minima (b’C1, b’C3, and b’C5) are 

removed. The simulated RCS response is shown in Fig.5. The 

percentage error between the expected positions of the 

minima in the frequency band to the observed positions are 

gathered in Table I and are calculated using equation 1. Such 

that, the observed value corresponds to b’2, b’4, b’6, b’7, b’8, 

and b’9 and reference values to b2, b4, b6, b7, b8, and b9 for the 

case without calibration. Similarly, the percentage error for 

the RCS response for the case with calibration ring is 

calculated by using observed values (b’C2, b’C4, b’C6, b’C7, 

b’C8, and b’C9) and reference values (bC2, bC4, bC6, bC7, bC8, 

and bC9). 

% Error =  
Observed value−True Value

True Value
 × 100  % (1) 

TABLE I Percentage error comparison of with and without calibration ring 

principle. 

Without Calibration With Calibration 

Bit encoding 

(010101111) 

% Error  Bit encoding 

(010101111) 

% Error 

b’1 (0) - b’C1 (0) - 

b’2 (1) -5.7 b’C2 (1) -0.38 

b’3 (0) - b’C3 (0) - 

b’4 (1) -2.7 b’C4 (1) -0.33 

b’5 (0) - b’C5 (0) - 

b’6 (1) -1.16 b’C6 (1) -0.12 

b’7 (1) -1.01 b’C7 (1) -0.21 

b’8 (1) -0.74 b’C8 (1) -0.17 

b’9 (1) -1.1 b’C9 (1) -0.27 

The calibration ring principle reduces the errors 

significantly from an average error of -2.06% (without 

calibration) to -0.27% (with calibration), which is 86.9% 

percentage error reduction. The reduction in error improves 

the decoding efficiency. This method provides an efficient 9-

bit CRFID tag design, which can be used to encode and 

decode information with accurate results.  

III. MEASUREMENTS 

The final prototype of the 8-bit CRFID tag with 

calibration ring and a reserved sensing bit is fabricated for 

three different bit combinations. In terms of the RCS 

magnitude of the tag and available resonators to reflect EM 

waves, a best-case Tag-1 (11111111), a worst-case Tag-2 

(00000001), and a random test-case Tag-3 (00011100) for 

our measurements are chosen, as shown in Fig. 6. The split 

gap in the innermost ring is short-circuited by a 0.1 pF 

capacitor (04/02 package) to verify our 8-bit encoding results. 

A. Measurement procedure 

RCS measurements can be carried out using bi-static or 

monostatic measurement methods [19]. A vector network 

analyzer (VNA) is used to measure RCS from the 

transmission and reflection coefficients [23].  

In this paper, the monostatic approach using a single 

linearly polarized horn antenna (Schwarzbeck BBHA9120D) 

is used for transmission and reception of EM waves. It reduces 

the overall measurement complexity. A calibration method 

derived from [23], is used to calculate the RCS from reflection 

coefficients (Equation 2).  

 

RCS (σ) = |
𝑆11𝑇𝑎𝑔

− 𝑆11𝐼𝑠𝑜

𝑆11𝑅𝑒𝑓
− 𝑆11𝐼𝑠𝑜

|

2

× σ𝑅𝑒𝑓    m2  (2) 

 

An Anritsu MS2038C VNA [24] is used to generate a 

frequency sweep of 3.1 to 10.6 GHz (0 dBm output power) 

and record one port reflection coefficient (S11). The tag is 

placed on a EM transparent structure at a distance of 160 mm 

from the horn antenna (Fig.7). The measurements are carried 

out in a closed laboratory room with RF absorbers placed 

behind the tag to reduce unwanted signal reflections from the 

surrounding environment in the measurement.  

 

 

Fig. 6. Fabricated CRFID tags for verification by measurements. 



 

Fig. 7. Measurement setup for RCS calculations. 

To calculate the RCS, one port reflection coefficient (S11) 

measurement is first undertaken in isolation (To get the one 

port reflection coefficient of the horn antenna) with all the 

structures in place without the tag (𝑆11𝐼𝑠𝑜
). The second 

measurement of a flat copper plate (25 mm x 25 mm) as a 

calibration object (𝑆11𝑅𝑒𝑓
) is recorded on the VNA (𝑆11𝑅𝑒𝑓

). 

In our case, it is found that using a flat metal plate with 

dimensions close to the tag under the test provided better RCS 

measurement. Third, the tag under test is placed, and a 

measurement is taken (𝑆11𝑇𝑎𝑔
). The first and second 

calibration steps mentioned above are required only once and 

can be used to test multiple tags, given that the test bench and 

environment around it remain unchanged. The known RCS (of 

the flat metal plate (σ𝑅𝑒𝑓) is calculated using Equation (3). 

                         RCS (σ𝑅𝑒𝑓) = 4π
A2

λ2   m2 
  (3) 

 (where A=area,  = 3.14, and λ is the wavelength) 

B. Results 

The measured RCS results are compared with simulated 

results for verification. The RCS is measured to validate the 

encoding information. In Fig.8a, the simulation and 

measurement results are compared for Tag-1. Good 

agreement between simulated and measured results are 

achieved with a small (Less than 50 MHz) shift in the minima 

locations for 8-bit encoding. It is observed that the results for 

Tag-2 (Fig.8b) and Tag-3 (Fig.8c) compared well with 

simulation results. A discrepancy of less than 50 MHz is 

observed for Tag-2 and Tag-3, except ~100 MHz shift of bC4 

minima in tag-3, which could be due to fabrication and 

measurement process. The measured results are smoothened 

using a moving average with period eight in Microsoft excel 

software. 

 

Fig. 8. Simulated vs Measured results for (a) Tag-1, (b) Tag-2, and (c) Tag-

3. 

IV. COMPARISON TO THE STATE OF THE ART 

The proposed tag is compared with the state of the art 

nested CRR based CRFID tag designs found in the literature 

(Table II). It shows that the CRFID tag proposed in this paper 

provides a reliable encoding technique with a monostatic 

measurement setup.  

TABLE II. Comparison with state-of-the-art CRR based CRFID tags. 

Ref. Bits Size 
(mm) 

Read Range 
(mm) 

Single 
Layer? 

RCS 
Meas. 

[25] 1 45*45 NA Yes BM 
[14] 19  30*30 400 No BM 

This work 8 Φ = 25 160 Yes MM 

Φ = Diameter of the tag; mm = Millimeter; BM = Bi-static 

Measurements (Two horn antennas); MM = Monostatic Measurement 

(Using single linearly polarized antenna) 



V. CONCLUSION AND FUTURE WORK 

An 8-bit CRFID tag with calibration ring principle and 

reserved sensing bit is discussed in this paper. A novel design 

principle is shown using a calibration ring, which reduces the 

errors in decoding the bit information in the RCS response. 

The encoding uses the presence of minima to represent bit ‘1’ 

and their absence for bit ‘0’. The tag is a single layer RCS 

based CRFID tag. A monostatic measurement using one 

linearly polarized antenna provides accurate results for 

decoding encoded information. It proves that this method 

provides accurate measurable RCS data for three different 

tags. This tag design can then be used for accurate 

identification. Future work will investigate integrating and 

testing the tag within a contact lens for an animal health 

monitoring application. Further, the tag will be optimized to 

work on a lossy medium (such as an eye). Additionally, the 

aim is to test the sensing bit and its working principle to add 

sensing capability to the tag. Future work will also involve 

optimizing the read range and improving the data encoding 

capacity.  
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