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Abstract—A novel uniplanar chipless RFID solvent vapors/gas 

sensor is proposed in this paper. The sensor etched on an 

extremely thin capton substrate is composed of the folded dipole 

resonator loaded by the interdigital capacitor located inside the 

planar rectangular metallic loop that improves the RCS response. 

When illuminated by a plane wave, the folded dipole causes a 

notch in the RCS response of the loop located near its resonant 

frequency. The high RCS level (-18 dBsm), together with the notch 

depth (16 dB) assure a reliable detection of its position within the 

frequency dependence of RCS curve. In order to enhance the 

structure sensitivity to the presence of acetone vapors, the 

tetrasulfonated copper phthalocyanine thin film was applied as a 

sensitive layer during the process of folded dipole metallization. 

The experimental verification confirmed the viability of sensor 

proof-of-concept for the detection of chemical vapors. 

 

Index Terms—Chipless RFID, radar cross section, resonant 

elements, sensors. 

I. INTRODUCTION 

HE RFID technology is currently spread into an increasing 

number of human activities. Apart from the reliability of 

lossless objects identification [1], other complex challenges 

need to be addressed, such as tracking and sensing applications, 

operation of tags attached to lossy dielectric and metallic 

objects [2], identification of human tissue [3-5], as well as 

integration of RFID tags with sensors [6-7]. The chipless RFID 

represents a special class of such technology, combining the 

benefits of remote sensing of common chip RFID arising from 

the employment of simple printed and low-cost tags; [8-19]. 

The new and perspective approach with a strong application 

potential is represented by chipless RFID transponders with 

sensing capability; [20-30]. Issues to be solved for reliable 

employment of sensor chipless tags are similar to those in the 

case of identification chipless RFID tags. The advantage of 

sensor tags consists in a relatively small bit capacity requested. 

On the contrary, the tag sensitivity to measured quantity 

constitutes the fundamental performance parameter. 

The main problem connected with the design of chipless 

RFID sensor as well as identification tags is to assure a 

sufficiently high radar cross section (RCS) to enable the tag 
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response detection at the requested distance [12]. The second 

important problem is to assure the proper operation of the tag 

in real environment – often especially in the presence of 

metallic objects that can mask the required reflections from the 

tag by their own strong false reflections [18]. The tags that 

enable to reduce these false reflections can be based e.g. on 

resonators array situated at a specific distance above the ground 

plane [16-18]. The other possibility is to design resonators in 

the form of slots in the metal plate [19]. In both cases, the coded 

information is shown as notches in the reflection response 

(RCS) caused by the metal ground patch.  

The theoretical principles of remote gas sensing within GHz 

frequency are reported in [31]. The resonator substrate is 

equipped with interdigital electrodes and a disconnected path 

between them. While the sensitive layer covering interdigital 

electrodes generates a certain capacity, another part of the 

sensitive layer covering the disconnected path generates a 

certain inductance. There is an influence of various molecular 

parameters on the alteration of either capacity or inductance of 

LC-resonator. To give several examples: (molecular dipole 

moment → capacity [32-36], ability to exchange electrons → 

inductance; ability to form hydrogen bond → inductance) [31]. 
This paper presents a new version of planar resonators that 

behave in a similar way as dipoles located above the metallic 

patch presented in [18]. Here, the patch is replaced by a metallic 

loop equipped with the resonator, represented by a shortened U-

folded dipole (UD) loaded with a meander capacitor placed 

inside its geometry to keep the external shape intact. The whole 

structure is etched on an extremely thin (25 µm) capton 

substrate, thus remains uniplanar. Such configuration improves 

the RCS of structure up to the level of about -18 dBsm 

(compared to the case of standalone UD). The U-dipole 

resonator creates in the frequency response of the loop a notch 

of the depth of about 16 dB. To our best knowledge, this is the 

first time the thin film of phtalocyanine derivatives (in this case, 

the tetrasulfonated copper phthalocyanine) has been applied as 

a sensitive layer in order to improve the structure sensitivity to 

acetone vapors. The resulting sensor tag can be potentially 

applied in chemical industry for low-cost wireless identification 

of undesirable solvent vapors.  
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II. PROPERTIES OF U-SHAPED DIPOLE TYPE RESONATORS 

Fundamental performance parameters for chipless RFID 

sensor tags are defined in Fig. 1. The frequency shift ∆f was 

simulated by means of 0.1 mm thin layer with the relative 

permittivity εr = 3 spread on the analyzed structure. The 

comparison of key parameters of various simple folded dipole 

type resonators is presented in Fig. 2. All structures were 

simulated on the standard 0.76 mm thick Rogers RO4350B 

substrate with the relative permittivity equal to 3.66. To make 

an accurate comparison, all of them were tuned to the same 

frequency of 3 GHz. The shortened U-folded dipole terminated 

by an interdigital capacitor (IC UD) can be selected as a good 

candidate for follow-up development steps. The IC UD 

embodies a very small electrical size ka; see Fig. 2a, high 

sensitivity ∆f; Fig. 2d, sufficient peak height h = 20 dB and an 

adequately high-quality factor reaching about Q ~ 200; Fig. 2c, 

that is inversely proportional to the BW; [37]. A very low RCS 

level (< -70 dBsm) constitutes the trade-off expense. However, 

this parameter can be substantially improved by coupling the 

IC UD to a larger metallic structure (e.g. metallic rectangular 

loop) as described in the next section. 

 

 

III. ENHANCEMENT OF INTERDIGITAL SHORTENED U-SHAPED 

DIPOLE RESONATOR RCS RESPONSE 

A. Standalone loop properties 

A metallic rectangular loop was selected in order to raise the 

overall tag RCS level. Unlike the size of metallic area, it is not 

essential to change the loop geometry in order to improve the 

RCS. The rectangular loop geometry was selected, because it is 

easy to locate the U-dipole into its inner part. The properties of 

standalone loop without IC UD resonator were analyzed from 

the frequency dependence of its RCS curve. It was observed 

that the loop width wstrip represented the crucial parameter for 

reaching the flat RCS characteristic; see Fig. 3. The narrower 

loop strip wstrip, the sharper RCS characteristic, whereas the 

wider loop strip, the flatter the RCS characteristic. The final 

loop geometry was selected as a trade-off between the flat RCS 

characteristic on one hand and the acceptable tag dimension 

together with the sufficient space inside the loop for IC UD 

placement on the other hand. 

 

B. IC UD coupled to the loop 

The IC UD resonator coupled into a metallic loop can be seen 

in Fig. 4. The number of interdigital fingers of the folded UD 

termination variates the loading capacitance, and consequently 

the resonant frequency. This effect can be used in a sensor at 

which the measured/detected quantity modulates the value of 

capacitor loading the folded dipole. The notch in the RCS 

response caused by the IC UD resonator can be clearly detected 

as its depth ranges from 8 to 20 dB. 

 

The notch depth in the RCS response of structure depends on 

the resonator position inside the loop - as plotted in Fig. 5. The 

most sensitive RCS response has been obtained for the dipole 

placed in the immediate proximity of the shorter loop sides. 

That is due to the strong coupling between the IC UD and the 

loop at the moment when the structure is exposed to a plane 

wave. But, conversely, when the IC UD is placed in the loop 

center, the response is very small. 

 

Fig. 6 depicts the RCS of IC UD coupled to the loop in the 

dependence on the number of interdigital strips N. It can be 

observed that the increase in value of N has two positive effects. 

Firstly, it enhances the sensitivity ∆f and, secondly, it slightly 

increases the quality factor Q. Other parameters have no 

significant influence on the monitored quantities.  

 
Fig. 1.  Definition of parameters of chipless RFID sensor scatterers of peak 

(blue) and drop (red) resonance type. 

  
     (a)                                                        (b) 

  
     (c)                                                           (d) 

Fig. 2.  Comparison of basic U-shaped dipole type scatterers according to RCS 

and (a) resonance ka product, (b) peak hight h, (c) quality coefficient Q, (d) 

sensitive layer frequency offset ∆f. 

 
Fig. 3.  Dependence between simulated loop RCS and loop strip width wstrip. 

 
Fig. 4.  Resonant element and IC U-dipole coupled inside the metallic loop.  

 
Fig. 5.  Relation between simulated RCS of IC U-dipole coupled to loop and 

its position inside the loop. 
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The improvement in the fundamental sensor parameter ∆f 

was achieved thanks to the extremely thin 25 µm capton 

substrate with the relative permittivity equal to 3.0. Due to the 

low substrate thickness, the effective permittivity in the close 

vicinity of the sensitive layer is reduced. Consequently, the 

higher intensity of electromagnetic field affected the layer. 

 

C. Design of the sensor tag based on IC UD coupled to the loop 

The resonator destined to serve as a gas sensor was fabricated 

on the Dupont Pyralux AP 8515R substrate with the relative 

permittivity equal to 3.0; see Fig. 7a. In order to raise the sensor 

sensitivity, we decided to employ a very thin substrate whose 

thickness counts only 25 µm. The parameters of folded UD 

located at the distance of 2 mm from the inner loop edge 

(gcoupling) are as follows: width of loop strips wstrip = 5 mm and 

outer dimensions lloop × wloop are 40 × 25 mm, length of folded 

dipole arms lUD = 5.3 mm, their width wUD = 0.5 mm, distance 

between them gUD = 3.4 mm. There are N = 12 fingers of 

terminating capacitor of 0.2 mm in width wID, in the distance of 

gID = 0.2 mm from each other. The sensitive phthalocyanine 

layer with properties indicated in Table I was placed on the IC 

UD motif area. 

The E-field is coupled between the U-folded dipole and the 

loop in the similar way as it is coupled between interdigital 

fingers. The maximum intensity is obviously located by the 

inner edge of rectangular loop, which gives rise to a strong 

coupling creating a resonant drop in the loop RCS response; see 

Fig. 7b.

 

Fig. 8 depicts the RCS response of final design of IC UD 

coupled to the loop, simulated with the help of the MoM method 

(full-wave simulator Zeland IE3D). To illustrate the sensitivity 

improvement, we compare it with the version designed on the 

standard 0.76 mm thick Rogers RO4350B substrate with the 

relative permittivity εr equal to 3.66. Two simulations, i.e. 

without the sensitive layer and with the sensitive layer, situated 

on the sensor tag motif were performed for both designs. The 

sensitive layer was simulated as infinitely extended 0.1 mm 

thick layer with εr = 3.0 (as a consequence of solver 

implementation). This model differs partly from the measured 

phthalocyanine layer, yet for the relative comparison of 

particular cases, it provides the sufficient information. As it was 

verified, the layer outside the UD resonator area has only a 

minor influence on the frequency shift ∆f. 

 

IV. SENSITIVE CHEMICAL PHTHALOCYANINE LAYERS 

The sensitive layer represents an essential part of tag’s 

sensing function. Based on the analysis of properties of 

potentially applicable substances and our previous experience 

with phthalocyanines [38, 39], we used the latter in production 

of active sensing films of proposed tags. Phthalocyanines are 

organic macrocyclic molecules with a summary formula 

(C8H4N2)4. They consist of four isoindole heterocycles 

connected by nitrogen bridges into one macrocycle with four 

nitrogen atoms in the center. The center cavity can be occupied 

by more than 70 various metallic cation types, forming 

phthalocyanine derivatives called metallophthalocyanines. 

Basic metallophthalocyanies are intensively colored 

compounds with the known applicability as selective sensing 

films or films for organic photovoltaics. Their sensing response 

is based on the change of impedance in the presence of detected 

gaseous analyte. However, the basic metallophthalocyanines 

suffer from a very low solubility in polar and nonpolar solvents. 

The modification of isoindol cycles by various substituents (e.g. 

sulfo –SO3H group) constitutes a promising way how to 

improve their solubility and sensing response. The 

metallophtalocyanines modified in the foresaid manner are 

soluble in water. Based on the above-mentioned facts, we chose 

the tetrasulfonated copper phthalocyanine (copper (II) 

phthalocyanine-3,4´,4´´,4´´´- tetrasulfonic acid tetrasodium salt 

– abbreviated as CuPcTS) as the active film. The solution of the 

respective phthalocyanine in distilled water was prepared in the 

concentration of 1.45 mmol/l. Two variants of sensitive layer 

were applied by pipetting and subsequent drying with the 

volume of 15 µl and 30 µl, respectively; see Tab I. The 

resulting CuPcTS film deposited on the sensor substrate is 

depicted in Fig. 7. 

V. SENSOR TAG MEASUREMENT 

The verification of sensor tags sensitivity was performed by 

measurement in the R32 waveguide line by the VNA Agilent 

E8364A. The tag was inserted horizontally into the waveguide 

chamber. This "tested gas section" was separated from the other 

measurement line parts by tedlar membranes in order to 

hermetically insulate the solvents vapor; see Fig. 9. The defined 

10 000 ppm concentration of acetone vapor in the synthetic air 

was introduced to the "tested gas section" by a suction pump 

that supplied it from the tedlar bag. 

 
Fig. 6.  Dependence between imulated RCS of IC U-dipole coupled to the loop

and number of interdigital strips N. 

  
Fig. 7.  Photograph of IC U-dip coupled inside the metallic loop with deposited 

CuPcTS sensitive layer (a) and detail with E-field intensity (b). 

 
Fig. 8.  Comparison between the simulated RCS response of IC U-dipole

coupled to the loop on the 25 µm capton substrate and Rogers substrate of 

0.76 mm in thickness. 
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In Table I you can see the comparison of measurements 

regarding IC UD coupled to the loop and separate IC UD for 

two sensitive layer thicknesses. Fig. 10 depicts the scattering 

response of IC U-dipole coupled to the loop with the CuPcTS 

sensitive layers with- and without- the 10 000 ppm acetone 

vapor, measured through the reflection coefficient of 

waveguide line. There are significant frequency shifts 

accounting for 7.1 and 10.2 MHz (caused by the presence of 

acetone vapor) that are attributable to sensitive phthalocyanine 

layer of 0.6 and 1.2 µm in thickness, respectively. 

Consequently, the functionality of the above-proposed sensing 

mechanism as well as the RCS response enhancement of the 

structure were verified. 

 

Apart from the sensitivity measurement of the proposed tag 

in the waveguide line chamber, the direct verification of RCS 

response was performed by monostatic measurement in 

anechoic chamber; see Fig. 11. It was based on the reflection 

coefficient evaluation of the double ridge horn antenna DRH20 

[40] in front of which a transponder at the distance of 0.5 m was 

placed. The tag’s RCS response was calculated according to the 

relation used in [10] and modified so that it was applicable to 

the one-port measurement described in [13]. The enhanced RCS 

response level of about -18 dBsm as well as significant drop 

depth better than 15 dB were confirmed. 

 

 

Table II compares properties of this solution with published 

acetone sensors operating within the microwave frequency 

band. Although the relative sensitivity of the presented solution 

is lower than the results published by authors, these structures 

are mostly detected by direct cable measurement or, in few 

cases, wirelessly from a short distance. In fact, the remote 

sensing structure proposed in our paper shows the improved 

RCS response, which overcomes the referenced competitors. 

This can be considered the main contribution of the paper. The 

future research will address the issue of performance 

improvement in sensitive phthalocyanine layer. 

 

VI. CONCLUSION 

This paper presents the results of investigation of the novel 

uniplanar resonator, which can be used as a chipless RFID 

chemical gas sensor. The resonator is composed of the U-folded 

dipole terminated by the interdigital capacitor coupled inside 

the rectangular metallic loop that assures a sufficiently high 

RCS response of ca. -18 dBsm. The U-folded dipole resonator 

causes a notch of 16 dB in the RCS characteristics that is 

superimposed to the loop’s RCS characteristics, which can be 

easily detected. The tetrasulfonated copper phthalocyanine thin 

film (applied as a sensitive layer above the folded dipole) 

enhances the structure sensitivity. The experimental 

verification confirmed the viability of the sensor’s proof-of-

concept for detection of chemical vapors. 

The future work will be concentrated on the detailed research 

of sensitive chemical sensor layers as well as development of a 

measuring chamber for free space measurement of chemical 

vapors. The waveguide measurement was used to verify the 

sensing mechanism and to ensure the reproducible detection of 

the defined vapor concentration. Nevertheless, it can be stated 

that the properties of tag itself have been reliably verified and 

will be retained even when located in the free space. The future 

work will focus on the open space measurements and 

investigation of methods of further increase in sensor 

sensitivity. The tag’s virtue consists in its possible use as a 

simple and cheap wireless uniplanar sensor applicable e.g. in 

chemical industry for the detection of occurrence of harmful 

gases or solvent vapors. 

 
Fig. 9.  Photograph of measurement setup, detailing the measuring chamber 

and sensor tag position. 

TABLE I 

MEASURED FREQUENCY SHIFT DEPENDING ON STRUCTURE GEOMETRY AND 

PARAMETERS OF PHTHALOCYANINE SENSITIVE LAYERS 

# Tag type 

Phthalocyanine 

layer thickness 

(µm) 

Phthalocyanine  

layer volume 

(µl) 

∆f 

(MHz) 

∆f  

(%) 

1 
IC U-dip 

0.6 15 5.8 0.20 

2 1.2 30 7.2 0.25 

3 Loop IC 

U-dip 

0.6 15 7.1 0.21 

4 1.2 30 10.2 0.30 

Fig. 10. Measured scattering response of IC U-dipole coupled to the loop with  

phthalocyanine sensitive layers with and without the 10 000ppm acetone vapor 

measured through reflection coefficient of waveguide line. 

 

 
Fig. 11. RCS response of the IC U-dipole coupled to the loop without sensitive 

layer measured in an anechoic chamber. 

TABLE II 

COMPARISON OF PROPERTIES OF MICROWAVE ACETONE SENSORS 

Type of sensor 

structure 

f0 

(GHz) 

∆f 

(kHz/ppm) 

RCS 

(dBsm) 

Notch 

(dB) 

Contact-

less 

[32] Microstrip line 8.5 15 200 - - No 

[34] Ring resonators 4 40 -30 14 15 mm 

[35] Split-ring reson. 5.5 30 -25 10 No 

[36] Open gap reson. 7.4 17 - - No 

This work: UD in loop 3.4 1.2 -18 16 500 mm 
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