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1Abstract— Near-field chipless-RFID tags with high data 

density and synchronous reading capability are presented and 

experimentally validated in this paper. The tags consist of a chain 

of rectangular patches etched or printed at predefined positions 

on a dielectric substrate, including rigid or flexible (i.e., plastic or 

even paper) substrates. Patch dimensions determine the binary 

state, where the larger and smaller patches are associated with 

the logic ‘1’ and ‘0’ states, respectively, or vice versa. For 

sequentially and synchronously reading the bits, a sensitive 

element able to determine the presence of the patches and their 

size by proximity (through near field using microwaves) is 

considered. Such element is a microstrip line loaded with a pair 

of rectangular complementary split ring resonators (CSRRs), one 

etched inside the other in the ground plane. When the tag chain is 

displaced at short distance over the CSRRs, the larger patches 

modify the resonance frequency of both sensing CSRRs, whereas 

the lower patches do only alter the resonance frequency of the 

smaller CSRR. Consequently, the ID code is contained in the 

patch dimensions, and the presence of a patch (regardless of its 

size) determines the reading times (clock signal), necessary for 

synchronous reading. Tag reading in this system proceeds by 

feeding the CSRR-loaded line (reader) with a pair of harmonic 

signals tuned to the resonance frequencies of the bare CSRRs. 

Both signals are amplitude modulated (AM) at the output port as 

consequence of tag motion, and the respective envelope functions 

contain both the clock signal and the tag ID code.  The ID codes 

of several 16-bit tags, implemented on different substrates 

(microwave substrate, plastic and paper) and exhibiting a per 

unit length density of 1.67 bit/cm, have been inferred with the 

dedicated reader for validation purposes. 

Index Terms — Chipless-RFID, synchronous reading, 

microwave encoders, microstrip technology.  

I. INTRODUCTION 

HIPLESS-RFID emerged more than one decade ago as an 

alternative to chip-based RFID, in order to reduce the cost 

of the tags (mainly dictated by the presence of the chip [1]). In 

most chipless-RFID systems, the identification (ID) code of 

the tags is contained in a metallic pattern, etched or printed on 

a dielectric substrate (rigid or flexible, including plastic and 

paper substrates). There are different encoding techniques in 

chipless-RFID, but the most extended one exploits the 

frequency domain [1]-[19]. In frequency-domain chipless-
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RFID systems, the tags contain resonant elements tuned to 

different frequencies, and the presence or absence of 

functional resonant elements determine the logic state (‘1’ or 

‘0’) of the corresponding resonator. It has been demonstrated 

that the data density and capacity of frequency-domain tags 

(or spectral signature barcodes, the usual designation of such 

tags) can be substantially enhanced by combining the 

frequency domain with other domains, e.g., phase, amplitude, 

polarization, etc. [20]-[33]. Nevertheless, the data capacity of 

these hybrid chipless-RFID systems is still far from the data 

storage capacity of chipped-tags (typically 96 bits according to 

the EPC UHF Gen2 standard).  

Time-domain chipless-RFID systems based on tags 

emulating the behavior of surface acoustic wave (SAW) based 

tags [34] have been proposed. The working principle of such 

time-domain based tags is time-domain reflectometry (TDR), 

where the ID code is inferred from the echoes generated by a 

delay line loaded with reflectors in response to a pulsed 

interrogation signal. Several examples of TDR-based tags 

have been reported [35]-[44], but the data density and capacity 

of these tags is very limited as compared to the one of chip-

based tags or SAW tags (the latter very competitive in terms 

of data capacity, but expensive, as far as they need acoustic 

transducers). 

Recently, a novel time-domain approach for chipless-RFID 

systems, based on near-field coupling and sequential bit 

reading, has been reported by some the authors [45]-[56]. In 

these systems, the tags are implemented by etching or printing 

a chain of metallic inclusions (typically, although not 

exclusively, resonant elements) on a dielectric substrate (rigid 

or flexible, including plastic or paper). Encoding is based on 

the presence/absence of a functional inclusion at its predefined 

position in the tag chain, where each inclusion corresponds to 

a bit of information. For tag reading, the tag (i.e., the 

inclusions chain) is displaced at short distance over the 

sensitive part of the reader, an element able to discriminate 

between the functional and inoperative inclusions. The 

sensitive part of the reader is typically a transmission line, 

eventually loaded with a resonant element, fed by a harmonic 

signal conveniently tuned.  

In contrast to frequency-domain or hybrid chipless-RFID 

systems, where the interrogation signal is a wideband signal, 

in these novel time-domain systems, a single-tone (harmonic) 

signal suffices for tag reading (two harmonic signals are 

needed for synchronous reading, as it will be shown later). 

Moreover, since the bits are read sequentially, the number of 

bits of the tags is theoretically unlimited (in practice the  
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limitation is dictated by tag size). The sketch of the working 

principle (including synchronous reading) is depicted in Fig. 

1. Note that the ID code is contained in the envelope function 

at the output port, with peaks or dips corresponding to the 

logic state ‘1’ or ‘0’, or vice versa.  

The difference between these time-domain near-field 

chipless-RFID systems and the frequency-domain, or hybrid, 

systems mentioned above concerns the different type of ID 

data multiplexing. In frequency-domain and hybrid systems 

the data are multiplexed in frequency (the resonators are tuned 

to different frequencies), whereas in near-field chipless-RFID 

systems with sequential bit reading, the ID code is read bit by 

bit at different times, in a time-division multiplexing scheme. 

By analogy to the spectral signature barcodes (the usual 

designation of frequency-domain based tags), the tags in this 

novel time-domain and near-field approach of chipless-RFID 

have been called time-domain signature barcodes [52],[56]. 

For reading these time-domain signature barcodes, a 

mechanical guiding system able to displace at short distance, 

and with proper alignment, the linear inclusions’ chain of the 

tag over the reader, is needed. Moreover, a constant relative 

velocity between the tag and the reader is required in order to 

avoid false readings. If such velocity is not known, but it is 

constant, the tags can be equipped with header bits in order to 

determine such velocity, and consequently the instants of time 

for bit reading [50]-[52]. Nevertheless, in order to provide 

major levels of robustness to the system, synchronous reading 

is very convenient (Fig. 1).  

The main advantage of a synchronous system (a preliminary 

version was reported in [57]) is the fact that the displacement 

velocity of the tag does not need to be constant (as it may 

occur in a real scenario). This paper, an extension of the work 

presented in [57], reports a synchronous near-field chipless-

RFID system where the inclusion’s size in the direction of the 

chain axis are small, thereby reducing substantially the period 

of the inclusions. The result is a tag with high data density per 

unit length, the main figure of merit of this type of chipless-

RFID tags. In [57], the reported prototype tags were 

implemented on a rigid microwave substrate. In this paper, the 

functionality of the system is demonstrated by reading the new 

designed tags by considering its implementation not only on 

microwave substrates, but also on plastic and paper substrates.  

 

 
Fig. 1. Sketch of the time-domain near-field chipless-RFID systems with 

sequential and synchronous bit reading, showing the working principle. 

Through tag motion over the reader, electromagnetic coupling between the 

transmission line and the inclusions of the tag arise, and the output signals (for 

the ID code and clock) are amplitude modulated. 

II. THE PROPOSED READER AND TAGS  

The proposed near-field chipless-RFID system with 

synchronous reading capability is based on the approach first 

presented in [57]. The tags are implemented by means of a 

linear chain of rectangular patches, where each patch 

corresponds to a bit and encoding is achieved by patch size. 

Namely, patch dimensions determine the logic state, ‘1’ or ‘0’, 

of the corresponding bit. With this encoding system, a 

sensitive element able to determine, through near field 

coupling, the presence of a patch on top of it and patch 

dimensions, suffices to obtain both the ID code of the tag and 

the clock signal necessary for synchronous reading. Such 

sensitive element can be implemented by means of a 

microstrip transmission line loaded with a pair of 

complementary split ring resonators (CSRRs). It is well 

known that CSRR-loaded lines exhibit a transmission zero 

[58], which is intimately related to CSRR dimensions (and, 

obviously, to the characteristics of the considered substrate, 

mainly thickness and dielectric constant). However, the 

presence of a metal patch in close proximity to it also modifies 

the position of the transmission zero frequency, provided the 

patch boundaries extend beyond the perimeter of the CSRR.  

According to the previous works, the presence of a patch in 

the tag chain and its size can be inferred by considering two 

CSRR, one inside the other one, rather than one. The specific 

topology of the reader CSRR-loaded line is depicted in Fig. 

2(a), whereas Fig. 2(b) shows the layout of the tag, with the 

presence of both binary states (larger and smaller patches).  

Note that the CSRRs are single loop slot resonators with the 

slits etched at the same position. This is important, in order to 

avoid inter-slot coupling [59]. Therefore, with this pattern in 

the ground plane, the two CSRRs behave as individual, 

roughly uncoupled, resonators. A slot ring surrounds the outer 

CSRR in order to tailor its quality factor. 

 

 
Fig. 2. Topology of the proposed reader (a) and tag (b). The considered 

substrate for the reader is the Rogers RO4003C with dielectric constant 

r = 3.38, thickness h = 0.81 mm and loss factor tan = 0.0022. Relevant 

reader dimensions are: l1 = 10.3 mm; l2 = 12.3 mm, l3 = 13.5 mm, 

w1 = 1.9 mm, w2 = 3.1 mm, w3 = 4.3 mm, g1 = 1.0 mm, g2 = 7.2 mm. CSRR 

slots width are c1 = 0.5 mm and c2 = 0.3 mm for the inner and the outer CSRR, 

respectively, and the outer slot ring width is c = 0.3 mm. The considered 

microwave substrate for one of the fabricated tags is the Rogers RO4003C 

with dielectric constant r = 3.38, thickness h = 0.2 mm and loss factor 

tan = 0.0022. Tag dimensions are: d1 = 9.3 mm; d2 = 14.5 mm, s = 3 mm and 

w = 3 mm. 
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The functionality of the system proceeds as follows. 

Regardless of its size, a patch on top of both resonators is able 

to modify the resonance frequency of the smaller CSRR. 

However, the external CSRR is only altered by the larger 

patches. Consequently, the larger CSRR is used to 

discriminate the binary state, whereas the inner CSRR is 

devoted to generate the synchronization clock signal. For that 

purpose, two harmonic signals tuned to the resonance 

frequencies of the bare resonators (designated as fc,ID and 

fc,clock) must be injected to the input port of the CSRR-loaded 

line. It is expected that the presence of any patch modifies the 

resonance of the inner CSRR, generating a large excursion of 

the transmission coefficient at fc,clock, and thereby producing a 

significant variation (increment) of the amplitude of the 

harmonic signal tuned to that frequency. Thus, the clock signal 

is merely the envelope function of the amplitude modulated 

(AM) signal with carrier frequency fc,clock, with as many peaks 

as patches in the tag chain. Conversely, for the envelope 

function of the output AM signal with carrier frequency tuned 

to fc,ID, it is expected that peaks appear only at those clock 

instants where the patches on top of the CSRRs are those with 

larger dimensions. 

Figure 3 depicts the frequency response of the CSRR-

loaded reader line without patch loading, as well as the 

responses with larger and smaller patch on top of the CSRRs. 

The considered air gap (distance between the patch and 

CSRRs) is 0.5 mm. As it can be appreciated, the notch 

frequencies vary in agreement to the predictions of the 

precedent paragraph. Moreover, a significant excursion of the 

transmission coefficient at both frequencies, fc,clock and fc,ID, 

when the patch is able to shift the corresponding frequency, 

can be seen. This is important in order to obtain a high 

modulation index of both AM signals at the output port, a key 

aspect in terms of system robustness, to clearly discriminate 

between the two binary states. 

To gain further insight on the functionality of the proposed 

system, Fig. 4 depicts the variation of the transmission 

coefficient at fc,clock and fc,ID, as the tag with the indicated code 

is displaced over the CSRR of the reader. The peaks at 

periodic positions of the clock curve indicate the presence of a 

 

 
Fig. 3. Simulated frequency response (transmission coefficient) of the bare 

reader and reader loaded with smaller and larger patch. The simulation has 

been carried out by means of the Keysight Momentum software. 

patch on top of the CSRR, whereas for the ID curve, the peaks 

correlate with the presence of a larger patch above the position 

of the CSRRs (logic state ‘1’).  

III. EXPERIMENTAL VALIDATION OF TAG READING 

The photograph of the fabricated CSRR-loaded reader line is 

depicted in Fig. 5 (the considered substrate is indicated in the 

caption of Fig. 2). Concerning the tag, we have considered as 

first option the fabrication on a microwave substrate, 

particularly, the Rogers RO4003C with dielectric constant 

r = 3.38, thickness h = 0.2 mm and loss factor tan = 0.0022. 

Nevertheless, since the tag reading scheme is based on the 

variation of the transmission coefficient generated by the 

metallic patches of the tags, it is expected that the influence of 

the tag substrate on system functionality is not critical. 

Consequently, we have also fabricated tags on flexible 

substrate, including plastic substrate (Polyethylene 

naphthalate, or also known as PEN, with a thickness 

h = 125 μm, from Dupont) and paper (Powercoat XD with a 

thickness h = 200 μm, from Arjowinngs), in both cases by 

means of inkjet printing (details of the inkjet printing 

 

 
Fig. 4. Simulated transmission coefficient at fc,clock and fc,ID, as the tag with the 

indicated code is displaced over the CSRR of the reader. The simulation has 

been carried out by means of the Keysight Momentum software. 

 

 
Fig. 5. Photograph of the sensitive part of the reader. (a) Top; (b) bottom. 
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process are given in [50]-[52]) and by using the Orgacon 

Nanosilver Inkjet Ink from the AGFA. The fabricated 

prototypes are shown in Fig. 6. 

For validation purposes, we have generated the interrogation 

harmonic signals (tuned to fc,clock = 5.31 GHz and 

fc,ID = 4.63 GHz) by means of the function generator Agilent 

E4438C. In order to obtain the envelope function, an AM 

detector based on the Avago HSMS-2860 Schottky diode and 

the Agilent N2795A active probe (with resistance and 

capacitance R = 1 MΩ and C = 1 pF, respectively) has been 

implemented. Moreover, the ATM PNR ATc4-8 circulator, 

configured as an isolator, has been cascaded between the 

output port of the reader line and the AM detector in order to 

prevent from unwanted reflections from the diode. The 

envelope signals corresponding to the clock signal and ID 

code have been visualized on an oscilloscope (model Agilent 

MSO-X 3104A). Finally, tag displacement over the reader line 

has been carried out by means of a linear stepper motor 

(model THORLABS LTS300/M). The photograph of the 

complete experimental setup is depicted in Fig. 7.  

It should be mentioned that in a real scenario, either a 

combiner/diplexer (see Fig. 1) or a switching scheme is 

needed in order to separately obtain the envelope functions of 

the clock signal and ID code. The schematic of the system by 

considering the switching scheme, the most convenient in  

 

 
Fig. 6. Photograph of the fabricated tags on microwave substrate (a), plastic 

substrate (b) and paper (c).   

 

 
 

Fig. 7. Experimental setup used for tag reading. 

 

terms of space and cost, is depicted in Fig. 8. Nevertheless, 

system validation in this paper is done by independently 

injecting the harmonic signals to the input port of the reader 

line and inferring the corresponding envelope function. The 

results for the different considered tags are shown next.  

The envelope functions of the different measured tags (see 

Fig. 6), including the clock signals and the ID code signals, 

are depicted in Fig. 9. It can be seen in this figure that the 

peaks in the ID signals perfectly correlate with the logic state 

‘1’ of the corresponding ID code (larger patches), as expected, 

and as many peaks as number of bits (or patches) in the clock 

signal are present. Therefore, these results validate the 

proposed near-field chipless-RFID approach with synchronous 

reading. It is important to highlight that the system is 

functional even by considering the implementation of inkjet-

printed tags on paper, representing an excellent solution in 

terms of tag cost.  

Concerning tag dimensions, an important aspect to 

emphasize is the fact that for synchronous reading, an 

additional chain of inclusions is not needed (this is obviously 

the most trivial solution, but it requires not only an additional 

chain, but also a more complex sensing element for the reader, 

with at least two separately allocated resonant elements). With 

the proposed reader, based on a pair of rectangular-shaped  

 

 
Fig. 8. Sketch of the near-field chipless-RFID system with synchronous 

reading capability based on a switching scheme. 

 

 
Fig. 9. Clock and ID signals inferred by reading the fabricated tags in 

microwave substrate, in plastic substrate and in ordinary paper, respectively, 

with the experimental setup of Fig. 7. 
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CSRRs one inside the other, the period of the inclusions is of 

6 mm. This represents an important improvement in terms of 

data density per unit length (DPL), as compared to the first 

implementation of the approach, reported in [57]. For the tags 

of Fig. 6, such density is DPL = 1.67 bit/cm, whereas in [57] 

the result is DPL = 0.67 bit/cm. Despite the fact the main 

figure of merit of these tags based on linear chains of 

inclusions is the DPL (it must be as much as small as possible 

in order to avoid excessively lengthy tags), the density per 

surface (DPS) is very reasonable. By considering the 

minimum rectangle that contains the chain patches, the density 

per surface is found to be DPS = 1.15 bit/cm2. These values of 

DPL and DPS are not as good as those, e.g., reported in [55], 

where chains based on closely spaced linear strip were 

considered. However, in [55], the tags do not exhibit 

synchronous reading capability.  

Another important aspect of the proposed tags is their 

robustness against mechanical wearing. In the reported near-

field chipless-RFID systems reported so far [45]-[55], where 

the metallic tag inclusions are either resonant elements or 

linear strips, an unexpected cut or crack in those tag inclusions 

may generate a bit error, as far as the inclusion losses its 

functionality. Indeed, deliberate resonator’s cutting is a  

 

 
Fig. 10. Photograph of the cracked tags on microwave substrate (a), plastic 

substrate (b), paper (c), and zoom view of cracked patches of the microwave 

substrate (d). 

 

 
Fig. 11. Clock and ID signals inferred by reading a microwave substrate, 

plastic and paper-based tag with cracks in all patches. 

 

method for tag programming, or reprogramming, as discussed 

in [50]. However, the effects of a metallic patch on top of a 

CSRR (resonance shift) do not vanish if small-unexpected cuts 

or cracks (that may appear as consequence of mechanical 

wearing) are present. Obviously, this is not true if large cracks 

or a significant damage in the metal layer of the patch (e.g., 

caused by extreme friction) occur. To demonstrate this 

robustness of the proposed tags against wearing/friction, we 

have deliberately generated cuts in the fabricated tags. To do 

that, we have simply generated transverse cuts, as depicted in 

Fig. 10. The responses of these cracked tags are depicted in 

Fig. 11. According to the obtained responses, the periodic 

peaks in the clock signals are perfectly visible, and the ID 

code signal for each cracked tag perfectly provides the ID 

code. These results confirm the capability of the system to 

maintain the ID code despite the presence of cracks in the 

patches.  

IV. DISCUSSION 

One important aspect of this type of chipless-RFID systems 

is the tolerance against lateral misalignments and air gap 

variations between the tag and the reader, eventually caused 

by vibration, or by any other mechanical issue. An estimation 

of such tolerances can be inferred by repeating the simulations 

of Fig. 3, considering small lateral misalignments (Fig. 12) 

and variations in the air gap distance (Fig. 13), for the larger 

and smaller patches. These results demonstrate that, in the 

case of larger patches, lateral misalignments higher than 1 mm 

deteriorate the dynamic range of the lower frequency fc,ID 

(4.63 GHz), but they have no effect in the higher frequency 

fc,clock (5.31 GHz). On the other hand, the variation (excursion) 

between the curves for the bare reader and reader loaded with 

the smaller patches at higher frequencies is not very 

significant. However, at low frequencies, for misalignments 

higher than 1 mm, the smaller patch has influence on the 

external CSRR, and consequently, the dynamic range is 

considerably affected. This effect could be improved by 

shortening the smaller patches. Similarly, Fig. 13 indicates 

that the air gap can be expanded from 0.25 up to 0.75 mm 

(outside this range, it cannot be guaranteed that the patches are 

correctly detected). 

Concerning the data density of the reported tags, it is better 

than the one of the tags of [57]. However, it is not as good as 

the one of previous tags based on a similar principle (but not 

including synchronous reading capability). Particularly, the 

tag density in papers [54] and [55] is very good (e.g., a DPL = 

17.7 bit/cm and a DPS = 26.04 bit/cm2 were obtained in [55], 

by virtue of the considered tag inclusions, i.e., narrow strips). 

The worst tag density of the proposed tags is compensated by 

synchronous reading, an advantageous aspect not reported in 

[54],[55], and necessary in certain applications where a 

constant and well known velocity between the tag and the 

reader cannot be guaranteed. Moreover, the tags of this paper 

are robust against potential effects caused by tag friction 

(eventually generating cracks in the tags), as demonstrated in 

Figs. 10 and 11.  
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Fig. 12. Simulated frequency response (transmission coefficient) of the reader 

loaded with smaller and larger patch, by considering lateral misalignments. 

The simulations have been carried out by means of the Keysight Momentum 

software. 

 
Fig. 13. Simulated frequency response (transmission coefficient) of the reader 

loaded with smaller and larger patch, by considering air gap variations. The 

simulations have been carried out by means of the Keysight Momentum 

software. 

 

Finally, let us indicate that the reported reader/tag does not 

belong to the class of near-field RFID systems operating at 

13.56 MHz and based on NFC between the tag and the reader 

by using inductive loops. However, tag reading proceeds by 

proximity (and alignment) in the proposed system. The tag 

patches perturb the electromagnetic field in the vicinity of the 

CSRRs, thereby modifying their resonance frequency. For this 

main reason, it is reasonable to designate these systems as 

near-field chipless RFID systems. 

V. CONCLUSIONS 

In conclusion, a near-field chipless-RFID system with 

synchronous reading has been presented and validated in this 

paper. The tags consist of a chain of metal patches etched or 

printed on a dielectric substrate, and tag encoding is achieved 

by patch size. The sensitive element of the reader is a 

microstrip line loaded with a pair of CSRRs. Such reader is 

able to detect the presence of a patch regardless of its size 

(through electromagnetic coupling between the patch and the 

smaller CSRR), thereby generating the clock signal necessary 

for synchronous bit reading. Additionally, the larger CSRR is 

only sensitive to the larger patches, this being the resonator 

devoted to determine the ID code of the tag. The system has 

been validated by means of a dedicated setup, which uses a 

step motor to displace the tag over the reader. Moreover, tag 

reading is based on an AM detector, necessary to provide the 

envelope function of the AM modulated clock and ID signals. 

System functionality has been demonstrated by considering 

tags implemented on microwave and flexible substrates, 

including paper, and it has been found that the tags are tolerant 

to the presence of cuts or cracks in the patches, which may be 

caused by wearing or friction in a real scenario. The key 

figures of merit in these near-field chipless-RFID tags based 

on linear chains of inclusions, the information density per unit 

length and the information density per surface, have been 

found to be very reasonable, i.e., DPL = 1.67 bit/cm and DPS 

= 1.15 bit/cm2. This later value is high taking into account the 

synchronous reading capability of the system, and has been 

achieved by avoiding an extra chain for the generation of the 

clock signal. As compared to optical barcodes, the proposed 

tags are not as cheap and easy to read. However, the optical 

barcodes can be easily reproduced (by simply photocopying 

them), and the copy has exactly the same properties as the 

original. By contrast, with the proposed system, a copied tag 

cannot be read with the designed and fabricated ad hoc reader, 

unless a printing process (using conductive inks) makes the 

copy. This is the main advantage over optical barcodes, i.e., 

the proposed system provides certain level of security against 

plagiarism of coded documents, for instance, or other 

premium products. 
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