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Abstract—This paper presents a wideband, long-range RFID 

tag antenna design with platform tolerant features using 

characteristic mode analysis (CMA). The proposed design consists 

of a two-layer structure, that are separated by an air gap. The 

upper layer consists of T-match and dual loop-based meandered 

antenna optimized for achieving long read range characteristics in 

free space/low permittivity dielectrics. The second layer consists of 

multi-resonant strips printed on a grounded substrate carefully 

designed using CMA for producing multi-resonant modes in the 

required UHF RFID band. The multi-resonant strips help in 

achieving wide bandwidth and isolation between different 

environment surfaces. This tag antenna provides a wide 

bandwidth ranging from 900 – 940 MHz that covers both the US 

UHF RFID band (902 – 928 MHz) and the upper European UHF 

RFID band (915 – 921 MHz). Moreover, this design achieved a 

read range of 14.7 m in free space, 14 m on a metal plate, and 13 

m on wood, and glass. Furthermore, the proposed antenna was 

also tested in harsh metal environments such as car number plates 

and cargo metallic containers. Therefore, the proposed tag can be 

used for tagging metallic containers, wood containers, and other 

harsh platforms for cargo management, Asset tracking, supply 

chain visibility, and Internet of Things (IoT) Applications.   

 
Index Terms— Characteristics Mode Analysis, Harsh Metallic 

Environments, platform-tolerant, Radio frequency identification 

(RFID), Tag antenna design, Impedance matching  

I. INTRODUCTION 

OT and RFID are emerging technologies that are 

transforming our earth into a smart planet by providing 

outstanding applications such as smart city, smart supply 

chain, Fleet management, traffic monitoring, smart healthcare, 

and so forth. RFID technology is considered to be an excellent 

short-range IoT solution [1]–[4]. Passive UHF RFID tags are 

most promising due to their long read range and low-cost tag 
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structures. However, UHF RFID tags are sensitive toward 

different tagging surfaces such as metals and other high 

permittivity substances. Metallic surfaces pose severe 

degradation in the performance of RFID tags due to image 

currents cancellation effects (due to different boundary 

conditions) that reduce radiation efficiency and hence worsen 

impedance matching and read range of UHF tags. The 

challenge of tagging surfaces is magnified further for large, 

thick, heavy metals and wood containers [5]–[9].   

Recent researches have reported several techniques and tag 

designs to overcome the metallic effects [10]. A compact, 

multilayer tag with a stacked planar inverted L antenna (PILA) 

structure has been proposed in [11]. This multilayer PILA 

structure provides enhanced capacitance that eventually 

reduces the tag resonance frequency down to the UHF RFID 

band. Although this PILA design offer compactness, however, 

the three-layered structure makes it a bit complex and difficult 

to fabricate. Moreover, this PILA design offers a 7.25 m read 

range (with 4W-EIRP) and narrow bandwidth. A shorted patch 

tag antenna with multiple slots was proposed in [12].  This 

shorted patch was composed of a patch-like structure with two 

I-shaped slots that are shorted to the ground plane. This design 

gives a read range of 8.1 m with a relatively narrow bandwidth. 

In [13], a double-layer patch antenna with a rectangular 

matching loop was proposed. This double-layered design 

offered a 4 m read range and cover the whole UHF RFID band 

(860 – 960 MHz).  

Another planar Inverted-F antenna (PIFA) based tag antenna 

has been proposed in [14]. This antenna achieved post-

manufacturing tuning capability with the implantation of 

lumped elements. Although this tag antenna has a smaller 

dimension 29.8 × 29.8 × 0.813 mm3. However, it offers a very 
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small bandwidth and read range of 3.6 m after mounting on a 

10 × 10 cm2 metal plate. In [15], a differential coplanar 

feedline-based folded patch antenna was proposed for metal 

mounting. This folded patch incorporates several slots for 

tuning and impedance matching mechanisms.  Although, this 

tag design has a small footprint (30 mm × 25 mm × 3.0 mm), 

however, it poses a complex, difficult-to-fabricate structure 

along with a small bandwidth and 8.9 m read range. A cavity-

type UHF RFID tag antenna with the longest read range of 26 

m has been proposed in [16]. The tag design is integrated into a 

plastic cover made of Polylactic Acid (PLA) with ϵr= 1.3. 

Although, this cavity-type tag antenna poses a long read range, 

however at the cost of a very large footprint (140 × 60 × 10 

mm3) and complex structure. Moreover, this cavity tag has very 

low bandwidth.  

      There were several techniques and methods were reported 

in the literature [17]. However, we utilize CMA for the analysis 

and design of the proposed tag antenna. In [18], a planar 

pyramid-shaped dual-polarized tag antenna has been proposed 

using CMA. The pyramid tag consists of a bowtie structure with 

shorting stubs and slots. This tag has low bandwidth and 5.5 

mm and 8.5 mm read range over low permittivity dielectrics and 

metal plates, respectively. A platform tolerant tag antenna with 

tunable features has been proposed. This tag consists of folded 

dipole and small loop antenna proximity coupled with the main 

radiating element. This tag design poses a read range of 4.5 mm 

and 6.5 mm on low-permittivity materials and metal plates, 

respectively[19].   

A single-layer tag antenna was designed and optimized using 

CMA. This tag design consists of a meandered loop and 

radiating patch. Although, this tag design has a read range of 

6.1 m and 14.1 m over the metal plate and low-permittivity 

dielectric surfaces. However, this tag design uses a 3 mm thick 

substrate, which makes it hefty for many applications [20]. 

Following the previous statements, the original contributions of 

our work are: 

 

1. Design guidelines of a platform tolerant antenna using 

characteristics modes with in-depth analysis and 

physical insight for antenna designing.  

2. The different loop antenna is used to provide a better 

impedance match and helps to reduce the size of the 

antenna further. 

3. Also, we propose a different set of parallel strips using 

characteristic modes to create some more resonant 

modes in required RFID bands. 

4. The estimation of the read range of the prototype using 

Tagformance Pro setup (Which uses turn-on power 

measurements). Different subjects with different 

physical compositions were used for read range testing 

in order to demonstrate the robustness of our solution. 

5.  The performance of the fabricated tag is tested further 

in indoor and outdoor environments. 

6. The performance of the tag is tested using different 

widths and sizes of metal plates. 

II. CONCEPT AND DESIGN 

A. Theory of Characteristics Modes  

      Characteristic modes (CM Modes) are current modes of any 

arbitrary shaped conducting objects that can be calculated 

numerically. These CM modes are independent of any 

excitation or feeding source. CM modes are totally depending 

on the shape and size of conducting objects. Likewise, 

characteristic modes (CM) can be attained by solving 

eigenvalue equations obtained from the Method of Moments 

(MoM) based impedance matrix as follows [21], [22]: 

                           
nn nJ JX R

    
   

                                       (1) 

Where n  are the eigenvalues, nJ


are eigen currents or eigen 

functions, and R and X are real and imaginary components of 

MoM impedance matrix, respectively. 

B. Proposed Tag Antenna Design using Characteristics Modes 

Analysis  

     Fig. 1 shows the initial configuration of the proposed tag 

design, which was designed and optimized for free space/low 

permittivity surfaces. This basic configuration was based on T-

match, dual nested loop, and meandered dipole-based 

configuration that provides a good impedance match for free 

space as well as low-permittivity substrates. The meandered 

dipole also contains a capacitive end that further reduces the 

size of the proposed tag design. In order to investigate it further, 

we conducted a characteristics mode analysis of the proposed 

single layer tag in free space. The eigenvalue plot of the single-

layer tag (SLT) configuration is depicted in Fig. 2. This SLT 

configuration has one mode radiating around 915 MHz that lies 

in the US UHF RFID band. The second mode is resonating 

around 840 MHz, which is not useful for RFID perspective.  

      Therefore, the SLT configuration is useful for free 

space/low permittivity dielectric materials. However, the SLT 

is not good for metallic surfaces and high permittivity materials, 

since it was fabricated on a 0.5 mm FR4 substrate. This SLT tag 

does not provide good bandwidth or impedance match on 

metals as its substrate thickness is very small. In order to sort 

the aforementioned issue, we proposed a second layer 

consisting of parallel multi-resonant strips printed over a 

grounded substrate as shown in Fig. 3.  

       The multi-resonant strips (MRS) are parasitic elements that 

can able to excite multiple resonant modes. Those multi-

resonant modes are able to enhance the bandwidth of the 

proposed tag when MRS will be placed in proximity of SLT. 

The length of the second layer substrate is kept the same as the 

SLT layer. The length, width, and gap between MRS are 

optimized using CST Microwave studio to get more number of 

resonating modes in the required RFID band. Two different 

widths of MRS were used. The first MRS has a 2.5 mm width, 

while the second MRS has a 2 mm width, and each MRS has a 

1 mm, and 0.5 mm gap. 
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Fig. 1. Detailed dimensions (in millimeters (mm)) and 

configuration of Initial single-layer design. 

 
Fig. 2. Eigenvalues plot of the single-layer configuration of 

proposed tag design. 
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Fig. 3. Detailed dimensions (in millimeters (mm)) of multi-

resonant strips (MRS) configuration. 

 

 
Fig. 4. Eigenvalue plot of multi-resonant strips configuration 

on PEC. 

As a result, the gap between MRSs becomes 0.5 mm and 1 

mm respectively due to the variable widths of MRS. The gap 

between the first and second MRS is 1 mm and next gap is 0.5 

mm and so on. Fig. 4 shows the Eigenvalue plot of MRS 

configuration over perfect electric conductor (PEC) boundary 

conditions after setting optimal dimensions and gap values 

obtained using CST Microwave studio. It is clear from Fig. 4, 

that there are three resonating modes of resulting MRS 

configuration resonating at 925 MHz, 905 MHz, and 845 MHz. 

Modes 1 and 2 are resonating inside the US UHF RFID band 

and thus contributing towards bandwidth enhancement of the 

proposed RFID tag. Additionally, modes 1 and 2 help in 

achieving isolation from metal and other high permittivity 

surfaces. 

The modal current distributions of the first two modes of 

MRS are shown in Fig. 5. The current distribution of mode 1 

(resonating at 925 MHz) shows a current distribution similar to 

the current distribution of monopole. However, the mode 2 

current distribution is similar to the current distribution of a 

loop.  

The second layer of substrate with MRS configuration is 

proximity coupled and placed in parallel with SLT 

configurations. The distance between two layers is optimized 

using CST in order to get more number of modes in the required 

RFID band. Actually, the chip is attached to the first layer SLT, 

while the MRS configuration will act as a parasitic element. The 

Eigenvalues plot of the first three resonating modes of overall 

tag configuration is shown in Fig. 6. The optimal distance 

between layers or air gap is found to be 2.5 mm. The distance 

lesser than 2.5 mm creates a forced interruption in current 

patterns and hence on the resonance values of modes. 

Moreover, the distance of more than 2.5 mm up to 4 mm 

increases more number of resonant modes around 860 MHz.  

 

 

  
Mode 1 

 

   
Mode 2 

 

Fig. 5.  Modal current distribution associated with first two 

modes of MRS configuration. 
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Fig. 6. Eigenvalue plot of first three modes of overall tag 

configuration on PEC. 

  
Fig. 7. Eigenvalue plot of six modes of overall tag 

configuration.  

 

As can be seen from Fig. 6, there are three resonating modes 

resonating around 905 MHz, 915 MHz, and 925 MHz. All three 

modes contribute towards bandwidth enhancement of overall 

tag configuration.  

      Fig. 7 illustrates the eigenvalues plot of the first six modes 

of overall tag configuration. The first three modes are 

resonating in the required RFID band, while modes 4, 5, and 6 

are non-resonating. Mode 4 expresses inductive behavior as its 

eigenvalue is greater than 0, while modes 5 and 6 express 

capacitive behavior as their eigenvalues are less than 0. 

Fig. 8 shows the eigenvalue plot that describes the CM mode 

after placing SLT and MRS 1.5 mm apart. If we increase or 

decrease the distance, there will be a smaller number of modes 

in the required US UHF RFID band. 

C. Antenna Configuration and Structure   

Fig. 9 shows the detailed dimensions and structure of the 

complete tag configuration. The final antenna configuration 

consists of two layers of FR4 substrate separated by an air gap. 

The upper layer consists of the meandered dipole, T-match, and 

dual nested loop-based tag printed on a single-faced 0.5 mm 

substrate. 

 
Fig. 8. Eigenvalue plot of CM modes after placing SLT 

and MRS 1.5 mm apart  

 
The T-match and inverted u-shaped strip help to provide the 

best impedance match with the R6 RFID chip from the Impinj 

company. The lower substrate is equipped with MRS printed on 

a grounded 1 mm FR-4 substrate. The two adjacent strips have 

different widths, 2.5 mm and 2 mm, respectively. The gap 

between strips is 0.5 mm. Moreover, the two substrate layers 

are separated by an air gap of 2.5 mm. The Styrofoam 1 is 

mimicked in place of air in the fabricated prototype as its 

dielectric constant is near to air. The R6 RFID chip has an 

impedance of 14-140 j at 915 MHz estimated using Advanced 

Design System (ADS) by simulation equivalent circuit model 

given in datasheet of RFID chip. Table 1 shows the numerical 

values of the dimensions of the proposed design. The overall 

dimensions of this tag design are 85 mm × 28 mm × 4 mm. 

Moreover, it does not use any vias, shorting wall, or shorting 

pin, that make RFID tag designs expensive and difficult to 

fabricate. 
Ls
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Fig. 9. Detailed dimensions and structure of overall tag 

configuration. 
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TABLE I 

                              DIMENSIONS OF PROPOSED TAG 

 

III. DESIGN RESULTS AND MEASUREMENTS  

Fig. 10 illustrates the simulated and measured S11 plot of the 

only upper layer and overall tag design. This upper layer of tag 

antenna does not work for metal or other high permittivity 

materials as its S11 plot is less than -3 dB. However, the S11 plot 

of the overall tag design with MRS depicts good performance in 

terms of bandwidth as it covers 900 MHz - 940 MHz. The 

intervention of MRS contributes to multiple modes that resulted in 

increased isolation and bandwidth enhancement even in the 

presence of a metallic environment (200 × 200 mm2 metal plate). 

The associated simulated impedance plot of tag design after 

mounting on different surfaces is shown in Fig. 11.  

It is clear from Fig. 11, that there is no obvious difference in 

impedance of the tag antenna after mounting on different surfaces 

such as air, metal, and the human body. For the human body, a 

four-layer model was used for simulation proposes. The four layers 

contain Skin, Muscle, Bone, and organ [23]. The simulated real 

impedance ranges from 12 Ω to 20 Ω with frequency bands 

ranging from 900 MHz to 940 MHz. Similarly, the simulated 

imaginary part of impedance has a value between 135 Ω to 150 Ω. 

This impedance performance of the tag antenna provides a good 

impedance match with the R6 RFID chip (14-140 j).  

In order to investigate the performance and robustness of tag 

design further, the simulated S11 of the proposed tag antenna was 

observed for different sizes of metallic plates as depicted in Fig. 

12. There was no considerable difference recorded ever after 

testing the size of more than 800 × 800 mm2. The S11 plot shows 

the same performance in terms of bandwidth for all simulated sizes 

of metal plates such as 200 × 200 mm2, 400 × 400 mm2, and 600 

× 600 mm2.  

To validate the simulation results, a prototype of the proposed 

tag antenna is fabricated for the measurement proposes as shown 

in Fig. 13. The impedance measurement setup is shown in Fig. 14, 

which contains Vector Network Analyzer (VNA) connected to a 

laptop equipped having MATLAB software. Moreover, a two-

port probe formed using the port extension technique was used 

for impedance measurement of the tag. The probe is produced 

by joining the outer conductive shielding of two coaxial cables.  

The two inner ends of coaxial cables are differentially attached 

to each end of the tag antenna for impedance matching by 

following the procedure mentioned in [24].  

 

 
 

Fig. 10. The simulated plot of the only upper layer and overall 

tag design after mounting on a metal plate. 

 

 
 

Fig. 11. Simulated impedance plot of overall tag configuration 

after mounting over different surfaces. 

 

 
Fig. 12 Simulated S11 plot of tag antenna with different metal 

plate sizes. 

 



6 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

 
 

Fig. 13. Fabricated Prototype of MRS-based tag antenna. 

 

 
 

Fig. 14. Impedance measurement setup using Vector Network 

Analyzer and two-port Probe 

 

Fig. 15 describes the measured real and imaginary impedance 

of tag design after mounting over 200 × 200 mm2 metal plate. 

The imaginary part of the measured impedance is between 135 

Ω to 155 Ω. Correspondingly, the measured real impedance 

also ranges from 10 Ω to 20 Ω. The measured impedance shows 

good compliance with simulated results as well as the 

impedance of the R6 RFID chip. The measured impedance 

depicts a bandwidth of 900 MHz- 935 MHz. The little 

discrepancy in measured results may be due to some fabrication 

error.  

Fig. 15 shows the normalized radiation pattern of tag design 

along xz- and yz- planes at 915 MHz after placing over a metal 

plate. The radiation pattern shows maximum radiation of the 

antenna along +z direction.    

To prove it further, the fabricated prototype of the tag antenna 

is connected with an RFID chip for read range measurement 

purposes. The theoretical read range estimation using the Friis 

equation is not so accurate.  

 

 
 

Fig. 15. Comparison of the simulated and measured 

impedance of proposed MRS-based tag antenna design.  

 

 
 

Fig. 16. Simulated normalized Radiation pattern along xz and 

yz planes at 915 MHz. 

 

 
Fig. 17. Simulated gain of proposed MRS-based tag design  
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TABLE II 

COMPARISON OF PROPOSED TAG ANTENNA WITH OTHER TAG DESIGN

 

 

 
Fig. 18. Read range measurement setup using Tagformance 

Pro. 

 

The simulated gain of the proposed MRS-tag is shown in Fig. 

18. The gain is estimated after placing the tag over a 200 × 200 

mm2 metal plate. The maximum simulated gain of 1.1 dB was 

achieved at 922 MHz. The read range measurement setup using 

Tagformance Pro from Voyantic company is shown in figure 

17. This setup includes a Tagformance Pro device, a transceiver 

antenna, a foam spacer, and a laptop with Tagformance 

software. The Tagformance setup works on a more accurate 

technique by determining the maximum read range for 

maximum permitted EIRP (Effective isotropic radiated power). 

The maximum read range is estimated by measuring read range 

for smaller EIRP described as follows: 

                  
maxMax reference

ref

EIRP
R R

EIRP
                      (5) 

 

Where RMax and EIRPmax are the maximum read range and 

maximum permitted EIRP (4W for most of the regions), 

respectively. While Rreference and EIRPref are the reference 

distance for read range measurement and reference EIRP of 

read range measuring equipment such as Tagformance. 

 

The proposed tag has been mounted on different environmental 

surfaces such as wooden block, metal plate, glass piece, human 

body, and 19 Liter plastic water bottles. The read range testing 

sample with tag antenna is separated by a form spacer (30 cm). 

Fig.  19 shows the measured read range of the MRS-based tag 

design after employing different materials. This tag antenna 

achieved a read range of 15 m in air and 14 m on Metals. While, 

the read range recoded on glass, wood, and other low 

permittivity surfaces is 13.5 m. However, the suggested tag 

design expresses an 8 m read range both on the human body and 

water can. The reduced read range on the human body and water  

bottle is due to conductivity and the high dielectric constant of 

water and human tissues that reduces the radiation efficiency of 

the proposed tag design.  

 

 
Fig. 19. The measured read range of MRS-based tag antenna 

after placing over different environment surfaces. 

 

Reference This Work [20] [13] [25] [26] [27] [12] 

Tag Size (mm) 85×28×4 55×41×3 47× 21 × 2.36 31.5 × 31.5 × 

3.2 

86×41×3.2 60.9×57.72×1.

5 

28.02 × 25.02 × 2.61 

Bandwidth 

(MHz) 

900 – 940 910 – 915 865– 960 858.9 – 869.7  840 – 900 915 – 920 910 – 915 

Metal Plate Size 

(mm2) 

200×200 200×200 200×200 200×200 200×200 200×200 250×250 

On metal Read 

Range (m) 

14 14 4 7.25 5.6 8.4 8.1 

Read range on low 

permittivity (𝛆r<6) 

materials 

(m) 

13 6.1 N.A N.A 8 6.2 N.A 

Read range on 

human body (m) 

8.5 N.A N.A N.A -- -- N.A 
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  Table II shows the comparison of the proposed tag antenna 

with other state-of-the-art tag designs. The tag proposed in [20] 

shows a read range of 14 m and 6.1 m on the metal plate and 

other low permittivity substrates, respectively. However, this 

tag design has a substrate of 3 mm thickness with a very small 

bandwidth. The tag antenna proposed in [13] is smaller in size 

with wide bandwidth. However, this tag design offers a read 

range of 4 m only, without read range testing on other materials 

and the human body.  

  Another stacked inverted L tag antenna offers a very narrow 

bandwidth with a smaller footprint and read range of 7.25 m. 

The tag presented in [26], offers a read range of 5.6 m with a 

relatively large footprint. An inductively coupled tag design 

provides a read range of 8.4 m with a very narrow bandwidth. 

Similarly, a small shorted patch antenna was presented in [12]. 

This tag offers a read range of 8.1 m on the metal plate with 250 

× 250 mm2.  

 
Fig. 20. Application of proposed tag antenna as car DNA after 

mounting on the license number plate and toll payment 

 

 
Fig. 21. Application of proposed tag antenna as car DNA after 

mounting on the license number plate and toll payment. 

 

Since the proposed tag provides a good read range of more than 

14 m after mounting on the metal plate with a size of 200 × 200 

mm2. Moreover, it provides a read range of more than 13.5 m 

on different materials. In addition, the proposed tag design 

offers a bandwidth of 900 MHz to 940 MHz on all materials, 

which makes it suitable for harsh environments and platform 

tolerability. The read range pattern of tag design at various 

angles is presented in Fig. 20 after mounting on the metal plate.  

To prove it further, the proposed tag antenna is tested by placing 

it at different locations of a car. The tag antenna is mounted on 

three different locations (i) license number plate (ii) plastic 

Bumper (iii) metallic part of the bonnet.  Fig. 21 shows the read 

range measurement setup of the application scenario. This tag 

achieved a read range of more than 10 m on all three locations. 

Therefore, this tag antenna can be used as a car’s DNA, which 

can be further used for toll payment or other parking fees as 

well as security purposes.  

IV.  CONCLUSION 

A wideband, long-range tag antenna with platform tolerant 

features is proposed using CMA. This tag design consists of two 

layers. The proposed tag antenna is backed by a multi-resonant 

surface to provide isolation and multi-resonant modes, that 

enhance the bandwidth of tag design on different environment 

surfaces.  The tag antenna achieved a read range of 15 m, 14 m, 

and 13.5 in free space, on the metal plate and other materials 

(glass, wood). Moreover, it offered a read range of 8 m on the 

human body. In addition to this, the proposed tag antenna 

provides a wide bandwidth ranging from 900 -940 MHz, that 

covers both US, Chinese, and upper European RFID bands. 

Furthermore, the proposed antenna was also tested in a harsh 

metal environment such as car number plates and cargo metallic 

containers. Therefore, the proposed tag can be used for tagging 

metallic containers, wood containers, and other harsh platforms 

for cargo management, Asset tracking, supply chain visibility, 

and Internet of Things (IoT) Applications.    
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