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Abstract

:

A high Q planar chipless RFID tag with high sensitivity is proposed for communication applications. In particular, the tag structure is composed of a complementary spiral structure (CSS) that is able to provide high sensitivity and compactness. A semi analytical formula for the design of a single bit tag is derived, and the behaviour of the CSS is analysed for different dielectric substrates. Different tags, composed of up to a set of eight resonators, have been numerically and experimentally assessed. In particular, a system prototype composed of a reader and a set of tags are fabricated and experimentally assessed as a proof of concept. The system provided an operative range of tens of centimetres (a maximum operative range of 65 cm). The obtained results are quite promising and the agreement between simulated and measured results are found to be good.
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1. Introduction


Radio Frequency Identification and Detection (RFID) [1] is a well-consolidated technology successfully adopted for different applications [2,3,4,5,6]. In particular, RFID technology has many applications ranging from tracking foods and goods to the security of restricted areas [7,8,9,10,11,12,13,14,15,16]. Researchers are concentrated on finding solutions to further reduce the cost and in particular to improve the operating range [17,18,19,20,21,22], which for standard RFID is only a few centimeters. Some RFID systems permit us to obtain a large distance between the reader and the tags. However, they make use of a radio frequency front end and they require a power supply system or a battery to properly operate [23,24]. Another challenge is in the dimensions reduction that will permit us to open new operative scenarios and applications, such as wearable or implantable sensors [25,26,27,28]. One of the best solutions to reduce the dimensions of RFIDs and at the same time permits further cost reduction, is an approach that eliminates the presence of the chip, producing a tag that is called “chipless RFID” [29,30,31]. Chipless tags were demonstrated to be very versatile; they can be easily equipped with sensing capabilities while remaining extremely cheap, compact, and suitable for mass production since they can be fabricated with microstrip technology or printed directly on different dielectric substrates with suitable metallic inks. For all the above reasons, in the last few years, the scientific community has paid much attention to these types of tags.



Chipless RFIDs are usually based on two encoding mechanisms: the frequency-domain (FD) [32,33,34] and the time-domain (TD) [35,36,37]. Time domain sensors or tags make use of propagating structures designed to encode the information with suitable discontinuities. In particular, a discontinuity placed at defined positions encodes the bit value as 0 and its absence as 1. Usually, time domain tags are implemented by using a microstrip transmission line and a pulsed is used as interrogating signal that travels along the propagating structure such as a microstrip. A pulse is the interrogating signal that travels along the transmission line. The electromagnetic pulse which propagates through the microstrip gets reflected in the positions where there is a discontinuity. The reflections propagate back through the substrate, and retransmitted, and the reflections reach back to the reader. This principle is called time domain reflectometry. The problem of time domain tags and sensors is that they require very short pulse or a very long tags to avoid the overlapping between different echoes, produced by the discontinuities, which encode the information. Obtaining short pulses is not simple and it requires expensive generators. Moreover, a very long transmission line is mandatory to encode a large amount of data, the result is the loss of compactness versus the bit encoding capability. Frequency domain chipless tags are usually implemented by using multiple resonators tuned at different frequencies. The resonators are distributed to cover a given frequency band [38]. In this configuration, the interrogating signal must have a bandwidth that covers all the resonators’ frequencies. Resonators produce singularities in the amplitude and/or phase of the frequency response of the tag. Considering the simplest encoding method, each bit of information is represented by a single resonator. The presence of a resonator encodes the bit 0, while its absence represents the bit 1 [39]. In the frequency domain, to improve the wireless communication capabilities of the tag, sometimes cross polarized receiving and transmitting antennas are considered as in [40,41]. In this work, we will focus only on microwave RFID tag sensors based on the frequency domain because they are cheap, easy to fabricate, and more flexible. Spiral shaped passive chipless tags are used for the design of tags as they provide an enhanced transmission range, which makes it applicable for continuous monitoring and sensing applications. The design, implementation, real time testing and measurement of the RFID system for 4 bit and 8 bit RFID tags are discussed in detail in the paper.



This paper focuses on the design of a chipless RFID system, whose tags are based on planar spiral resonators [42,43]. The basic architecture of a RFID system consisting of reader and tag is detailed in Section 2. More details of the RFID reader and RFID tag are presented in Section 3 and Section 4, respectively. In particular, this paper proposed a simplified formula that permits the user to simplify the design of a resonator that aimed to encode a single bit. Thus, due to the compactness of the CSR, different tags have been designed, numerically and experimentally assessed to demonstrate the potentialities of the proposed system. A tag with eight different CSRs has been fabricated. The tag was equipped with microstrip antennas, with orthogonal polarisation. The details of the numeric and experimental testing and analysis are presented in Section 5. The experimental measurement campaign demonstrates that the proposed chipless tags based on CSR were able to reach an operative range up to 65 cm well above the standard chipless RFID system present in the scientific literature. Finally, Section 6 concludes the work.




2. Basic Architecture of RFID System


RFID systems belong to a group of technologies termed Automatic Identification and Data Capture (AIDC), which can be easily integrated in IoT systems. So, by using the AIDC technique, the RFID readers can directly sense the tags, capture the data and can be processed and analysed in an unsupervised way. RFID systems make use of low frequency electromagnetic signals, so they overcome the limitations of optical barcodes that require a perfect alignment to work properly. The coupling between the reader and the tags is usually obtained with an inductive coupling that require a short operative range to work properly. At the basic level, an RFID system consists of an RFID reader and RFID tags with antennas. A block diagram representation of the RFID system is shown in Figure 1.



The proposed chipless RFID system is composed of a reader and a set of tags. Each tag consists of multiple resonators, which aim to encode the bits, and transmitting and receiving antennas. The reader will be continuously sending electromagnetic waves to the RFID tags, using suitable direct digital signal generators (DDG). The signal will be received by the tag’s receiving antenna, propagated on a suitable transmission line (usually a microstrip) coupled with a series of resonators. The presence or absence of these resonators determines a response to the backscattered wave and consequently the specific ID of a certain item. In particular, the presence of a resonator introduces a resonance peak which encodes the 1 bit value. After passing through the resonators, the signal is retransmitted back to the reader by means of another suitable antenna placed in cross polarisation with respect to the tag’s receiving antenna to improve the signal to noise ratio (SNR). The receiving antenna at the reader receives the back-scattered signal, which identifies the unique code assigned to the RFID tag, by decoding the resonance peaks due to the spiral resonators.



The reader will be sending impinging electromagnetic signals of a specified frequency range towards the tag kept at a distance R from the reader, called operative range. The bandwidth of the impinging electromagnetic wave must cover all the resonance frequencies of the CSR which encode the tag’s code. The receiving antenna of the tag receive the interrogating electromagnetic wave, through the microstrip line and the signal passes through resonators, and finally it reaches a transmitting antenna, aligned in cross-polarization with respect to the receiving tag antenna. The transmitting antenna sends back to the reader the electromagnetic wave combined with the information provided by the resonators. It is worth noticing that the proposed chipless RFID systems does not use any low frequency electromagnetic wave as that requires an inductive coupling and will consequently result in a very low operative range. The system makes use of high frequency electromagnetic waves in the microwave frequency bands. This means that it is possible to estimate and eventually increase the operative range by considering the well known Friis transmission equation.


    P R  =    P T   G T   G R   λ 2     ( 4 π R )  2     



(1)




where    P R    is the received signal strength at the reader,    P T    is the power of the transmitted signal,    G T    and    G R    are the gain of the transmitting and receiving antennas, respectively,   λ   is the wavelength and R is the distance between the reader and the tag, the so called operative range R. In this work, the tag is made with a set of multi resonators directly coupled with a feeding microstripline. The transmitting and receiving antennas at the reader are broadband omnidirectional antenna with a bandwidth encompassing the frequencies of all the resonators. In particular, two log periodic antennas have been used in the reader section and are detailed in the next section.




3. RFID Reader Description


RFID Reader section consists of radio frequency front end section with a wide band antenna capable of decoding the receiving tag data. For our application, for testing standard log periodic antennas operating in the band 0.5–2 GHz is used [44].




4. CSR RFID Tag Description


The chipless RFID tag consists of a set of Complementary Spiral Resonators (CSRs) with ominidirectional wide band antennas for transmission and reception. Complementary spiral structure is chosen for the resonator design as it provides better performances with respect to a standard spiral resonator in terms of quality factor (Q) at lower frequencies. [45]. The designed filter provided a Q factor of 24 at 0.9636 GHz. The design of a single Complementary Spiral Resonator (CSR) is explained in detail in the below section.



4.1. Design of Single Resonator Tag


This subsection is aimed at the design of a single CSR. The design of CSR starts from an extension of the feeding microstrip line as shown in Figure 2a by introducing a small segment of microstrip with an increased width as shown in Figure 2b. It is worth noticing that the structure reported in Figure 2b cannot act like a filter since it represents only an impedance discontinuity along the microstrip. In order to make the structure operate as a filter, a resonator able to encode information, a spiral shaped structure is etched from the section of the modified microstrip line as reported in Figure 2c. These complementary spiral structures (CSR’s) resonate at a particular frequency which can be easily tuned by acting on the spiral geometric parameters, as shown in Figure 3, which report the CSR structures and the related geometrical parameters that can be tuned to change the CSR resonance frequency.



The designed CSR is characterized by N sides, a length L, the width of the etched line is W and the width of the metallization is g as detailed in Figure 3.



Let us focus on the design of a simple CSR resonator. The effective permittivity,    ε e    is calculated by using the following relation:


    ε e  =    ε r  + 1  2  +    ε r  − 1   2   1 +   12 h  w      ,   



(2)




where    ε r    is the dielectric permittivity and h is the height of the dielectric substrate, w is the gap between of the spiral sides. The wavelength of the resonator,    λ m    is given by the equation which report the electrical length with respect to the considered dielectric substrate.


    λ m  =  c  f   ε e     ,   



(3)




where c is the speed of light and f is the operating frequency. The total length L of the spiral resonator with N sides and width g can be estimated by using the following equation:


   L =    λ m  −  ( N − 1 )  g    ( N + 1 )  − 0.008515 c f    .   



(4)







The above relations (2)–(4) have been empirically derived by considering an extensive set of numerical simulations performed with a commercial electromagnetic software, namely ANSYS HFSS.



To assess the design Equations (2)–(4), an exhaustive analysis has been carried out for different frequency ranges and for different substrates. For the present assessment, reporting only a selected set of cases, in particular a CSR with N = 5, has been considered and fabricated on FR4 dielectric substrate (    ε r  = 4.4  ,    t a n ( δ ) = 0.02  ,    h = 1.6   mm).



Without loss of generality, a CSR operating at 1.1 GHz, characterized by the following geometrical parameters:    L = 24    mm,    w = 1    mm and    g = 1    mm in FR4 epoxy has been considered as a first experiment. A set of numerical simulations aiming to assess the frequency shifts with respect to the dielectric permittivity of the substrate have been carried out. The results of the analysis are reported in Figure 4. It is worth noticing that the error between the predictions given by Equation (4) is less than 4 % with respect to the simulated data obtained with a commercial software based on an FEM electromagnetic engine, namely ANSYS HFSS, demonstrating that the empirically derived Equations (2)–(4) are quite effective. The same CSR geometry has been fabricated and experimentally assessed with a Vector Network Analyzer, namely Keysight E 5080 A. For different values of operating frequency, the length of the resonator is calculated using the design Equation (4) and is validated using simulation software ANSYS HFSS which are approximately the same; the error is less than 4%. As can be noticed, the agreement between measured and simulated data is very good; also a small frequency shift of about 25 MHz can be observed from the data in Table 1. The frequency shift is probably due to the material tolerances.



The Q of a single bit resonator is given by the Equation (5) as in [45]:


    Q =   f 0   Δ f   =   f 0    f 2  −  f 1    ,   



(5)




where    f 0    is the center frequency and    Δ f    is the −10 dB bandwidth, which is chosen as the reference point for detection. In the literature, almost all the RFID tag designs are done at high frequencies and thus provide higher Q factor values. However, on looking into the low frequency tags, the designed spiral resonator provides a good Q factor value of 24 at 0.9636 GHz. Getting a high Q value of 24 at a frequency of less than 1 GHz proves the energy storing capacity and selectivity of the designed spiral resonator at the operating frequency and provides the least attenuation compared to other designs.



Using the same procedure, four resonators corresponding to four frequencies in the L band are considered for designing a 4-bit multi resonator tag using CSR, which is explained in the next sections.




4.2. Design of Multi-Resonator Tags


The goal of the following experiment is to design a multibit chipless RFID tag in the L band (1–2 GHz). Six different CSR resonators, able to completely cover the L band with a frequency step of 200 MHz, are shown in Table 1.    S 21    greater than −10 dB is kept as a threshold for object detection.



An n bit passive tag can detect    (  2 n  − 1 )    objects, so a 4 bit tag can detect only 15 objects and it is not suitable for commercial applications; however, a 4 bit tag is useful as a proof of concept to demonstrate the detection capabilities. Figure 5a,b shows the geometry of the considered 4 bits and 8-bits RFID tags respectively. A 90 degrees bend has been used to reduce the tag size and CSRs have been placed on both sides of the main microstrip. In particular, the CSR has been designed to resonate at    f 1    = 0.97 GHz,    f 2    = 1.13 GHz,    f 3    = 1.35 GHz,    f 4    = 1.69 GHz.



For the sake of completeness, all the combinations of the 4 bits tags have been numerically and experimentally assessed to correctly identify the unwanted couplings or cross resonance problems. The results are summarized in Table 2.



It can be noticed that all the considered configurations have a    S 21    smaller than −12 dB in the simulation as well as in measurement, which ensures a good tag detectability. Concerning the considered bits encoding, each peak passing below the −10 dB threshold indicates the presence of a bit ‘0’; contrarily, the absence of the peak indicates the presence of bit ‘1’. Different tag configurations are presented in Figure 6. If all the resonators are present (resonator bits are high,    R 4    = 1;    R 3    = 1;    R 2    = 1;    R 1    = 1) the code word is 0000.



The last step to obtain a working RFID prototype is to include two antennas in the tag. In the next section, the design of omnidirectional broad band antennas is detailed.




4.3. Omnidirectional Wide Band Antenna


To complete the RFID tag together with the multiresonators, a transmitting and receiving antenna needs to be incorporated. This section deals with the design and analysis of an omnidirectional antenna performing in L-band.



An omnidirectional antenna with resonance encompassing the frequency of all multiresonators has been designed and fabricated. The broadband antenna consist of a rectangular patch antenna feeded at one corner with a microstrip line and on the back side a background of height h = 39 mm. The antenna dimensions are L = 48 mm, W = 75 mm. This antenna offers a 2:1 VSWR bandwidth from 0.83–1.99 GHz covering the whole frequencies of the tag. As it can be noticed the proposed antenna provide a    S 11    < −10 dB in the whole L band. When this antenna is combined with the CSRs to implement an RFID tag, depending on the presence of the resonator, the antenna shows a notch behavior (due to the CSR which act like a stop band filter) in the frequency response. The picture of the designed antenna is shown in Figure 7 in the experimental setup.





5. Numerical and Experimental Assessment


This section is aimed at numerically and experimentally assessing the proposed chipless RFID system; in particular, a set of tags composed of one, four and eight resonators, able to encode one, four, and eight bits, respectively, with a maximum of N = 256 possible combinations. The tags’ structures have been modelled and simulated by means of a commercial software, namely ANSYS HFFS. The tags were designed to operate in the L band microwave frequency range. The considered dielectric substrate is FR4 epoxy,     ε r  = 4.4  , thickness t = 1.6 mm,    t a n ( δ ) = 0.02  . The geometrical parameters of the considered eight resonators are reported in Table 3, which also reports the correspondent resonating frequencies of each resonator.



To simulate the different tag combinations, a given resonator can be applied to or removed from the feeding microstrip. In particular, the presence of a resonator represents the bit “1”, characterized by a negative dip, while the absence of a resonator encodes the bit “0”. For almost all tag configurations, a simulation with HFSS has been carried out in order to simulate the signal received by the reader in the frequency range from 0.5 GHz to 2 GHz. In order to assess the capabilities of the proposed system, an experimental system prototype with different tags has been fabricated and assessed. The reader is a monostatic continuous wave radar (CW) simulated with a vector network analyzer (VNA), namely the Keysight E5080 A, which acts both as a sweep signal generator and as a receiver. The input–output ports of the VNA have been equipped with two broadband printed log periodic antennas, whose characteristics are reported in Table 4.



A photo of the considered experimental setup is reported in Figure 7, which shows the two LPDA antennas connected to the VNA and the RFID tag is placed in between the antennas. As it can be noticed, the experimental setup has been arranged in a simple laboratory without the necessity of a semi anechoic shielded room.



Concerning the tag prototypes, they are fabricated with a dielectric material FR4     ε r  = 4.4  , thickness t = 1.6 mm,    t a n ( δ ) = 0.02  . In particular, the photos of tag prototypes with one, four and eight spiral resonators are reported in Figure 8a–c respectively.



In order to compare the experimental measurements with the simulations obtained with the HFSS software, the resonators were coupled with a microstrip line. Each tag was equipped with two sub-miniature type A (SMA) coaxial connectors in order to connect two antennas, a transmitting and a receiving one, connected to the tag by means of the SMA coaxial connectors. The two antennas are placed in cross polarization in order to increase the signal to noise ratio (SNR). The receiving antenna aims to collect the impinging electromagnetic wave provided by the reader and to provide the excitation signals to the resonators, while the transmitting antenna aims to retransmit the electromagnetic wave, which encloses the data towards the reader. The geometrical characteristics and a photo of the tag antennas are reported in Table 5 and Figure 9, respectively.



The return loss parameter    S 11    versus the frequency of the tag antennas is reported in Figure 10. As can be noticed, Figure 10 also reports a comparison between numerical data, obtained with HFSS, and experimental data. The agreement between numerical and experimental data is quite satisfactory and the tag antennas show    S 11    below −10 dB in the whole considered frequency band. For the sake of completeness, the measured E and H planes beam pattern of the considered antennas are reported in Figure 11. As can be noticed from the results reported in Figure 11, the antennas show an omnidirectional beam pattern on the H plane.



For all of the following experiments, the experimental setup reported in Figure 7 has been considered and an operative range between the tags and the reader has been chosen equal to r = 0.65 m. The first experiment is related to a single bit tag, whose scattering parameters, measured and simulated, are reported in Figure 12.



As can be noticed from the    S 21    data, the resonance peak is evident and the agreement between numerical and simulated data is quite satisfactory and only a slight frequency shift, probably due to the tolerances of the dielectric substrate, can be observed. In the second experiment, a four bits tag, whose geometry is reported in Figure 5a, has been considered. The tags prototype equipped with four CSR corresponds to the code 0000, and its response in terms of scattering parameters is reported in Figure 13, where the numerical data are compared with measured data. Additionally, in this experiment the resonance peaks are quite evident, despite the unideal environment characterized by a non free space and unshielded scenario. In the second experiment, a slight frequency shift between numerical and experimental data has also been observed. In the next experiment, different four bits tag configurations have been considered.



Figure 6 reports all the possible sixteen combinations while Figure 14a–c reports the results obtained with experimental prototypes characterized by the codes 0101, 0010 and 0000, respectively. The photos of the realized four bits prototypes with the related unique code are also reported in Figure 14a–c. As can be noticed from the results reported in Figure 14, all the codes are perfectly identified and the agreement between measured and experimental data is quite satisfactory. Figure 14d shows a photo of the VNA screen reporting the measurement of the tag with code 0000.



In the last experiment, a tag with eight bits that is able to encode 256 different combinations has been considered. The geometry and the photo of the prototype are reported in Figure 5b. The tag equipped with the two antenna by means of the SMA coaxial connector has been placed in front of the reader at an operative range r = 0.65 m as in the previous experiments. In particular, a tag equipped with all the eight CSRs and encoding the code 00000000 have been considered. The obtained experimental results, compared as usual with the numerical one, are reported in Figure 15. As can be noticed from the data in Figure 15, the eight resonance peaks are evident and well defined, the agreement between experimental and numerical data is quite satisfactory with only a slight frequency shift between numerical and experimental data.




6. Conclusions


The design, fabrication, numerical and experimental validation of a chipless RFID system based on CSRs has been described in this work. The system operates in the L band and it was able to reach a considerable operative range of about 0.65 m. In particular, different tag prototypes that are able to encode up to 8 bits (which can be easily increased) have been fabricated, assessed and served as proof of concept. The tags prototypes were able to retransmit the unique code represented by the CSRs with high efficacy; moreover they were demonstrated to be quite compact and easy to produce. The obtained results were very promising and they demonstrated the potentialities of the proposed chipless RFID system.
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Figure 1. Schematic of an RFID system. 
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Figure 2. Microstrip line modified to filter with CSR (a) microstrip line (b) high impedance line loaded microstrip line (c) Complementary Spiral Resonator (CSR) loaded microstrip line. 
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Figure 3. Geometry of single bit RFID tag resonator. 
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Figure 4. Validation of design equation for CSR. 
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Figure 5. (a) Geometry of RFID tag resonator 4 bit (b) 8 bit. 
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Figure 6. Resonators configurations for a 4 bits chipless tag. 
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Figure 7. Measurement setup of passive 4 bits CSR tag. 
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Figure 8. Prototype fabricated on FR-4 epoxy (a) single bit RFID tag resonator (b) 4 bit RFID tag (c) 8 bit RFID tag. 
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Figure 9. Fabricated prototype of omnidirectional wide band antenna on FR-4 epoxy (a) Top view (b) Bottom view. 
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Figure 10. Numerical results antenna return loss    S 11   . 
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Figure 11. Measured radiation pattern of antenna. 
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Figure 12. Frequency Response of CSR. 
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Figure 13. Frequency Response of 4 bit CSR with code 0000. 
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Figure 14. (a) Frequency Response for tag with code 0101 (b) Frequency Response for tag with code 0010 (c) Frequency Response for tag with code 0000 (d) Measurement setup of 4-bit tag (0000). 
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Figure 15. Frequency Response for 8 bit tag with code 00000000. 
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Table 1. Analysis of CSR for RFID tag.
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	Frequency,

    f c     [GHz]
	Calculated Length,

L [mm]
	Simulated Frequency,

    f s     [GHz]
	Simulated     S 21    

    [ dB ]    
	% Error





	1.0
	28.0991
	0.9636
	−15
	3.64



	1.2
	23.3826
	1.1616
	−13
	3.20



	1.4
	20.0137
	1.3879
	−15
	0.86



	1.6
	17.4870
	1.6141
	−15
	0.88



	1.8
	15.5217
	1.7838
	−15
	0.90



	2.0
	13.9496
	2.0101
	−17
	0.50
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Table 2. Look up table for 4-bit CSR tag.
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Number of

Objects

	
Resonators

Used

	
Frequency

[GHz]

	
    S 21     [dB]

	
Bit Sequence

(Code Word)

	
Output Bit

Sequence






	
1

	
R1

	
0.9749

	
−16

	
0001

	
1110




	
2

	
R2

	
1.1622

	
−16

	
0010

	
1101




	
3

	
R1, R2

	
1.0017

	
−20

	
0011

	
1100




	
1.1335

	
−16




	
4

	
R3

	
1.3495

	
−15

	
0100

	
1011




	
5

	
R1, R3

	
0.9883

	
−14

	
0101

	
1010




	
1.3424

	
−15




	
6

	
R2, R3

	
1.1355

	
−19

	
0110

	
1001




	
1.3495

	
−15




	
7

	
R1, R2, R3

	
0.9816

	
−17

	
0111

	
1000




	
1.1288

	
−18




	
1.3361

	
−13




	
8

	
R4

	
1.704

	
−16

	
1000

	
0111




	
9

	
R1, R4

	
0.9682

	
−17

	
1001

	
0110




	
1.6973

	
−18




	
10

	
R2, R4

	
1.1154

	
−14

	
1010

	
0101




	
1.6906

	
−14




	
11

	

	
0.9682

	
−21

	
1011

	
0100




	
R1, R2, R4

	
1.1288

	
−14




	

	
1.6906

	
−16




	
12

	
R3, R4

	
1.3495

	
−17

	
1100

	
0011




	
1.7241

	
−17




	
13

	
R1, R3, R4

	
0.9682

	
−15

	
1101

	
0010




	
1.3428

	
−15




	
1.7107

	
−19




	
14

	
R2, R3, R4

	
1.1689

	
−17

	
1110

	
0001




	
1.3495

	
−17




	
1.6906

	
−16




	
15

	
R1, R2, R3, R4

	
0.9615

	
−18

	
1111

	
0000




	
1.1355

	
−17




	
1.3562

	
−15




	
1.6973

	
−17
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Table 3. Geometrical parameters of 8 bit RFID tag.
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	Resonator
	Length of Resonator [mm]
	Operating Frequency [GHz]
	    S 21     [dB]





	R1
	40.0
	0.6543
	−15



	R2
	35.4
	0.7525
	−11



	R3
	31.4
	0.8998
	−15



	R4
	27.4
	0.9980
	−17



	R5
	24.0
	1.1032
	−15



	R6
	20.0
	1.3487
	−14



	R7
	17.0
	1.5661
	−23



	R8
	15.4
	1.6784
	−19
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Table 4. Characteristics of LPDA.
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	Parameter
	Values





	Bandwidth
	0.5–2 GHz



	VSWR
	2:1



	Polarisation
	Linear



	Radiation pattern
	Directional
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Table 5. Transmitter and receiver antenna characteristics of RFID tag.
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	Parameter
	Values





	Resonance frequency
	1.2 GHz



	Bandwidth
	0.8–1.8 GHz



	Reflection Coefficient
	−28



	VSWR
	2:1



	Read range
	65 cm



	Radiation pattern
	Ominidirectional
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