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Abstract — A novel robust encoding mechanism for spectral-

domain chipless tags is proposed. The idea is based on storing 

information in a passive resonator by using a 

differentialbackscattering coding. This is achieved by 

subtracting  multi-resonant slightly frequency-shifted amplitude 

responses obtained along vertical and horizontal polarization. 

The encoding mechanism is demonstrated by using a tag formed 

by a periodic surface patterned on a conductor-backed substrate. 

The unit cells of the periodic surface are formed by three 

concentric square loops loaded with asymmetric stubs. The 

resonant peaks are shifted finely and independently from each 

other by simply changing the length of the stubs. The reliability 

of the proposed encoding mechanism is experimentally verified 

by prototyping some samples of the tags on low-cost FR4 boards. 

 

Index Terms— Chipless RFID, Electromagnetic Absorbers, 

Frequency Selective Surfaces (FSS), Metamaterials, Radio 

Frequency Identification (RFID). 

I. INTRODUCTION 

Barcode is today the most popular method of labeling 

objects even if it has significant limitations (short-range, non-

automated tracking, operation in harsh environments, etc.). 

Many organizations are turning to Radio Frequency 

Identification (RFID) [1] but its application to consumer-

packaged goods, postal items and books is feasible only if tag 

price goes under one cent. Despite significant investments, the 

price of tags is still not competitive when compared to 

barcodes because of the integrated circuit (IC) that poses a 

lower bound to the cost of tags. In the last few years efforts 

have been put in developing RFID tags with no ICs [2].  

Two general types of chipless RFID tags can be identified: 

time domain (TD)-based and spectral (frequency) signature-

based chipless RFID tags. Chipless tags of the first class 

encode information in time domain. The most promising 

configurations are surface acoustic wave (SAW) tags [3] and 

Thin Film Transistor Circuits (TFTCs) [4]. In the second class, 

bits are associated with the presence or absence of resonant 

peaks at a predetermined frequencies [5]–[10]. These tags are 

fully printable and extremely low cost but have limitations. 

The typical problems of available configurations are in terms 

of polarization sensitivity [5], [10], reading reliability and size, 

which is usually proportional to bits number. Being still in its 

infancy, chipless RFID technology needs further efforts to 
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design high-capacity and reliable tags and sensors [11]. In 

general, the absence of a reference level for the backscattered 

signal makes the reading of chipless tags very complicate in 

realistic scenarios. Starting from this fundamental problem, a 

novel differential encoding mechanism is proposed. The tags 

here proposed respond with two frequency-shifted multi-

resonant signals when interrogated with two orthogonal 

polarizations. The two responses are then subtracted to obtain 

very sharp frequency peaks. The tag configuration is based on 

a periodic surface [8] whose unit cell comprises a multi-loop 

resonator loaded with slightly different stubs along planar 

directions. To the best of our knowledge, it is the first time 

that polarization diversity [12] in chipless RFID has been used 

for making the codification more reliable.  

II. DIFFERENTIAL-BACKSCATTERING ENCODING MECHANISM 

AND CHIPLESS RFID TAG CONFIGURATION 

In the conventional RFID technology, the decodification is 

facilitated by the fact that a change between two states is 

observed in the time domain with a fixed background 

scenario. However, in chipless RFID, this is not possible 

unless that the reader is fixed (i.e. a gate), since the tag is a 

completely passive structure. To partially solve this 

fundamental problem, it is here proposed to encode 

information in the difference between the responses along two 

orthogonal polarizations. The objective is to achieve a multi-

resonant frequency response for the two orthogonal 

polarizations but slightly frequency-shifted. This allows to 

achieve very sharp peaks once that the curves are subtracted. 

The principle of operation of the device and the interrogation 

method are shown in Fig. 1. The adopted tag configuration, as 

shown in Fig. 2, consists of a periodic loop resonators 

patterned on the top of a conductor backed substrate. To 

achieve the desired frequency behaviour, a certain asymmetry 

has to be introduced in the resonators. The resonators are 

formed by three square loops loaded with stubs of different 

length along x and y directions. The presence of the ground 

plane at a suitable distance from the resonators guarantees the 

deep absorption peaks and independence of objects where the 

tag is placed on. The RCS value of the tag can be controlled 

with the number of the unit cells employed. The larger is the 

size of the structure, the larger is the RCS value [13]. The 

periodic structure can be quickly analysed by using a Periodic 

Method of Moment (PMM) [14], [15]. The length of the stubs 

is different along x and y directions in order to provide slightly 

different frequency responses for the two polarizations. 
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(a) (b) 

Fig. 1– (a) Sketch of the interrogating mechanism of differential coded 

chipless tags. (b) Experimental setup. 

 

 

(a) 

 
(b) (c) 

Fig. 2. (a) Unit cell geometry of the periodic surface-based chipless RFID, (b) 

side view of the proposed chipless tag, (c) chipless RFID prototypes. 

 The size of the unit cell and thus its periodicity D is equal to 

15 mm. Every unit cell is discretized with a grid of 64x64 pixels 

to obtain tag design (the width of the loop and the stubs is one 

pixel, 1/64*D=0.234 mm) which is well above the minimum 

precision of a standard photolithographic process (5 mills, that 

is around 0.13 mm). Absorption at the three resonance 

frequencies is achieved if the substrate losses and the thickness 

are suitably chosen [14]. In this case FR4 (εr=4.4- j0.088) with a 

thickness t of 1.6 mm is chosen. The thickness of the resonator 

can be further reduced to increase the Q factor and to adapt it to 

thinner objects. In the case of FR4 (high loss substrate) the 

substrate thickness can be reduced down to 0.6 mm or 0.8 mm 

but a further decrease leads to mismatch with free space 

impedance and therefore a reduced absorption [14]. However, if 

a substrate with a smaller amount of losses is employed (e.g. 

εr=4.4-j0.01) the substrate thickness can be reduced down to 0.2 

mm. As an example, the reflection coefficient of an infinite 

periodic structure with the stubs along the y-direction set 

slightly longer than the x-directed stubs (lyn = lxn+1), is reported 

in Fig. 3a. The reflection coefficient is shown at normal 

incidence but it is extremely stable with respect to the elevation 

incidence angle [8]. By subtracting the reflected signals 

obtained with two simultaneous interrogations of the tag, well 

visible spikes in correspondence of each resonance frequency 

are obtained (Fig. 3b). The number of employed loops is 

directly proportional to the number of encoded bits. In order to 

avoid undesired coupling effects among loops, only three loops 

are employed and a hybrid coding scheme based on frequency 

shift is exploited [6]. 

 
(a) 

 
(b) 

Fig. 3. (a) Amplitude of reflection coefficient for vertical and horizontal 

polarizations of an infinite array of 3-loop with stubs. (b) Amplitude 

difference between the reflection coefficients. The curves are obtained by 

progressively varying the length of the x and y directed stubs of the first loop 

and imposing ly1 = lx1+1 or lx1 = ly1+1. The other stubs are fixed as: 

lx2 = lx3 = 2/64 D, ly2 = ly3 = 4/64 D.   

 This means that the codification is not binary but the base is 

equal to the number of different conditions that the resonant 

peaks can assume. For instance, the stubs of the first loop can 

be varied from 2 to 31 pixels leading to 30 different 

conditions. Moreover, additional 30 conditions are obtained by 

using the inverse coding obtainable by imposing the x-directed 

stub slightly longer than y-directed stub (dashed curves in Fig. 

3b). It is important to highlight that the shift of the first 

resonant peak does not lead to any variation of the other two 

resonant peaks thus guarantying the robustness of the 

encoding mechanism. Similar behaviours are obtained for the 

second and the third loops. The quantity of information stored 

in the tag can be calculated as follows: 

 2 1 2 2 2 3log ( ) log ( ) log ( )s s sNbit N N N    (1) 

where Ns1, Ns2 and Ns3 are the number of possible states 

associated to the first, the second and the third loop, 

respectively. In our case, Ns1 = 60, Ns2 = 38, Ns3 = 26 and 

Nbit=15.86. Each frequency peak occupies a bandwidth of 

roughly 0.4% leading to an efficient exploitation of the 

spectrum. 
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(a) (b) (c) 

Fig. 4 – (a) Measured amplitude difference for eight different bit sequences obtained by progressively varying the length of the stubs of the first loop and 

imposing ly1=lx1+1. The other stubs are fixed at the lowest length: lx2=lx3=2/64D, ly2=ly3=3/64D. (b) Varying the length of the stubs of the second loop with 

ly2=lx2+1 and the other stubs fixed at the lowest length: lx1=lx3=2/64D, ly1=ly3=3/64D. (c) varying the length of the stubs of the third loop with ly3=lx3+1 or lx3=ly3+1 

and the other stubs fixed at the lowest length: lx1=lx2=2/64D, ly1=ly2=3/64D.  

III. EXPERIMENTAL RESULTS 

 Some prototypes having the same characteristics of the 

simulated ones have been manufactured on FR4 substrate (Fig. 

3c) by truncating the periodic surface to a few unit cells. The 

number of unit cells employed determines the average value of 

Radar Cross Section (RCS) and therefore the read range [13]. 

Measurements have been performed by using an Agilent 

E5071C vector network analyzer in a non-anechoic 

environment with a level of transmitted power equal to 0 dBm. 

A dual-polarized wideband horn antenna (Flann DP280) is 

used as reference antenna. The setup was shown in Fig.1b. 

Measurements were carried out for vertical and horizontal 

polarization and the S11 and S22 are stored simultaneously. A 

normalization procedure which combines three measurements 

(tag, ground plane of the same size of the tag and background) 

[8] was used to remove undesired effects do to multipath and 

reader antenna coupling. The differential encoded signals, for 

several encoding states, obtained by subtracting the vertical 

and horizontal polarizations signals, are illustrated in Fig. 4. 

More in detail, the differential reflection coefficient for 

different stub lengths, varying progressively from the 

minimum to the maximum length, is reported for each of the 

three loops. It is worth underlying that the resonance 

frequency of each resonant loop is not subject to any variation 

when the length of stubs belonging to the other loops are 

changed. The performance of the tag are quite stable even in 

non-line of sight since the scattering pattern of the resonator is 

not directive. 

IV. CONCLUSION 

A novel robust encoding mechanism relying on 

polarization diversity has been presented. A differential multi-

frequency spectral response has been obtained by subtracting 

the two responses of a tag obtained through an interrogation 

with a dual polarized antenna. The employed resonators 

comprise three concentric loops loaded with stubs of different 

lengths along the two main planar directions. The new 

encoding approach is presented and experimentally verified 

demonstrating a reliable 16 bits tag.  
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