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Abstract—This paper presents a bio-inspired circularly polarized 
ultra-high frequency (UHF) radio frequency identification (RFID) tag 
antenna for metallic and low-permittivity substances. This tag design 
is based on a leaf-shaped radiator, two shorting stubs and slots 
etched on F4B substrate. Initially, the tag antenna is designed using 
characteristics mode analysis (CMA) by analyzing the first six CM 
modes and characteristic angles. The width of orthogonal slots is 
varied to get the resonance of CM modes in the required US RFID 
band. Moreover, the edges are blended to get orthogonal current 
distribution, which is necessary for circular polarization. Additionally, 
the proposed tag design is optimized further using CST Microwave 
studio and an RFID chip is exploited as a capacitive coupling element 
(CCE) to run CM modes with the orthogonal current pattern. This tag 
can also be tunable to European RFID (EU) band (866 – 868 MHz) by 
changing the length of shorter diagonal slot. The tag design offers a read range of 7 m and 4.5 m on 100 × 100 mm2 
metals plate and low-permittivity substrates, respectively (for 902 – 928 MHz band). In EU band, the corresponding 
read ranges are 5.7 m and 3.5 m above metal and low-permittivity objects, respectively. This circularly polarized tag 
antenna is advantageous in terms of cost, circular polarization feature, and ease of fabrication due to the absence of 
vias, shorting pins, and matching circuits. Therefore, this tag design is suitable for labeling various low-permittivity 
objects, industrial conveyer belt applications, baggage handling systems, and IoT applications. 

 
Index Terms— Circular polarized (CP); RFID; Tag Antenna; IoT Systems; Conveyer Belt Applications. 
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NTERNET of things (IoT) and RFID have been developing 

concurrently, resulting in a wide variety of applications such 

as asset management, apparel tagging, supply chain 

management, air baggage handling, smart healthcare, sensing, 

and so forth. RFID technology has a market share of 28.4 

billion tags (by tag volume) in 2021, with UHF RFID tags 

accounting for 23 billion tags. However, the inherited 

sensitivity of UHF tags to background tagging surfaces is 

regarded as a major impediment to their performance [1]–[7].   

The performance of UHF tags is negatively impacted by sur-

faces like metal, the human body, and objects with high 

permittivity in terms of impedance mismatch and radiation 

efficiency [8]. Moreover, most of the commercial domain 

RFID systems are based on dipole-like tags, which are 

inheritably linear polarized. The RFID reader antennas are 

circular polarized (CP) to avoid misreading of LP tag 

antennas. However, this CP reader and LP tag combination 

have a polarization mismatch of 3 dB, which ultimately 

reduces the overall read range of RFID systems.  
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Fig. 1.  Projected application areas of proposed Bio-Inspired CP tag design.

As a result, a circularly polarized RFID tag antenna is 

appropriate for resolving orientation issues without incurring 

additional loss due to polarization mismatch. There were 

several CP tag antennas have been reported in the literature 

[9], [10]. However, most of the CP tag designs were based on 

shorting pins, vias, and multi-layered structures, which 

increases the sensitivity and cost of the tag design. A corner 

truncated wearable RFID tag antenna based on the textile 

substrate was proposed in [11]. The miniaturization of the tag 

antenna was performed by applying a combination of cross- 

and L-shaped slots. Additionally, circular polarization was 

achieved by truncating all four corners. The size of the 

proposed antenna was 50 × 50 × 4 mm3. Moreover, this corner 

truncated CP tag antennae also has a shorting pin, which 

makes this tag structure costly and complex.  

A CP tag antenna with optically transparent features is 

designed by encapsulating a thin sheet of VeilShield between 

two layers of flexible polydimethylsiloxane (PDMS) substrate. 

This tag design is based on a Square ring, meandered strip, 

and matching strips to achieve CP configuration and a read 

range of 8.3 m [12]. A circularly polarized sensor tag based on 

a complementary split ring resonator (CSRR) has been 

proposed for detecting the complex permittivity of liquids. 

Through a hole, the liquid under test was injected into the 

cavity. By adjusting the measure read range, the complex 

permittivity of liquids was extracted [13]. Another long-range 

CP tag for metallic objects has been devised in [14]. This tag 

utilized a two-layered substrate with a cross-slot on the top, 

meandered strip, and shorting line. Similarly, a planar square 

ring tag design has been proposed in [15] with CP features. 

This tag design utilized meandered strip in square ring 

structure to achieve a 3 dB CP bandwidth of 100 MHz in 

whole UHF RFID band. This tag design is fabricated on 0.2 

mm thick FR4 substrates and attached to 5 mm windshield 

glass. The dimensions of this tag were 54 × 54 mm2.  

Characteristic Mode Analysis (CMA) is a systematic 

technique for analyzing and designing antennas and RFID tag 

designs [16]. A disk-shaped CP antenna has been developed 

for tagging metallic poles using CMA. This antenna achieved 

a read range of 7 m and can be readable without kneeling by 

exploiting the broadside radiating mode of the tag antenna 

using CMA [17]. A wideband CP patch antenna consists of H- 

shaped unit cells has been proposed in [18] using CMA. A 

characteristic mode analysis is performed to comprehend the 

various modes of a suggested antenna geometry without a 

feeding network. The selection of modes to create the desired 

radiation pattern is done by studying modal currents and their 

corresponding modal fields (radiation patterns). Finally, a 

feeding structure that will excite the desired modes and have 

good impedance matching is selected. As an illustration, the 

design procedure is used to propose and create a CP patch 

antenna fed with a cross-shaped aperture. The radiator is a 

patch made of unit cells in the shape of an H. A similar CMA 

based approach is used to design the proposed CP tag design. 

In addition to this, many bio-inspired antenna designs have 

been reported in literature [19]. The symmetric structures of 

bio-inspired designs add both beauty and give a natural shape 

that can receive any kind of polarized RFID signal as the tree 

leafs can receive sun light with any random polarization [20], 

[21]. A bioinspired Linden leaf-shaped rectenna has been 

proposed in [22] to work on 1.6 and 2.65 GHz bands for 

energy harvesting applications. Similarly, a Hexa-Band Bio-

inspired semi-Vine-leaf shape antenna is reported in [23]. This 

semi- Vine leaf shaped antenna also features asymmetric 

microstrip feedline Defected Ground Structure in order to 

achieve compactness. Another, bio-inspired Carica Papaya 

leaf shaped microstrip antenna was proposed in [24]. A 

wideband monopole bio-inspired Inga Marginata leaves 

shaped design has been reported in [25] for partial discharge 

(PD) activity detection. 

A chipless RFID sensor for corrosion detection and 

monitoring on metallic structures has been proposed in [26]. 

The clipless sensor was based on frequency selective surface 

(FSS) and feature fusion. A simulation and experimental 

validation was performed to demonstrate the ability of FSS to 

sense and characterize corrosion thickness. Moreover, the 

feature fusion technique was utilized to increase reliability and 

sensitivity of proposed chipless sensor. 
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Therefore, in this paper, a bio-inspired UHF RFID tag antenna 

with CP and tunable characteristics is proposed for metallic 

and low-permittivity materials. This tag design is based on the 

leaf-shaped radiator, two shorting stubs and slots fabricated on 

F4B substrate. The first six CM modes and characteristic 

angles are analyzed to create the initial tag design using 

characteristics mode analysis. To achieve resonance of CM 

modes in the required US RFID band, the width of the 

orthogonal slots is varied.  

Additionally, the edges are curved to obtain the orthogonal 

current distribution required for circular polarization. By 

adjusting the length of the shorter diagonal slot, this tag can 

also be tuned to the European RFID band (866 - 868 MHz). In 

the EU band, the corresponding read ranges are 5.7 m and 3.5 

m above metal and low-permittivity objects, respectively.  

Furthermore, an RFID chip is used as a capacitive coupling 

element (CCE) to run CM modes with an orthogonal current 

pattern, and the suggested tag design is further optimized 

using CST Microwave Studio. The tag design offers a read 

range of 7 m and 4.5 m on 100 × 100 mm2 metal plates and 

low-permittivity substrates, respectively. Consequently, this 

tag design is suitable for labeling metallic objects, industrial 

conveyer belt applications, and baggage handling systems as 

illustrated in Fig. 1. 

II. ANTENNA CONCEPT AND DESIGN 

Fig. 2 illustrates the detailed dimensions and geometry of 

the proposed CP tag antenna for both 915 MHz and 866 MHz. 

This tag design consists of a bio-inspired rosewood tree leaf-

shaped radiator, two orthogonal slots fabricated on a 2 mm 

thick grounded F4B substrate (F4B is low cost as compared to 

Rogers substrate with dielectric constant 3.28 and the 

dielectric loss tangent 0.001. 
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Fig. 2.  Geometry and Detailed dimensions proposed CP tag design 

(W1= 40 mm, W2= 16 mm, W2*= 21 mm, W3= 1 mm, W4= 1.05 mm, 

W5= 23.5 mm, h1= 2 mm). 
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W2
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                       (a)                                                   (b) 

Fig. 3. (a) Rosewood tree leaf (b) Detailed dimensions of initial tag 

design (W1=40 mm, W2=16 mm, W3=0.5 mm, W4=0.5 mm, W5=7.8 

mm, W6=19.5 mm, h1=2 mm). 

 

F4B is high frequency material based on 

Polytetrafluoroethylene (PTFE) glass fiber cloth and ceramic-

filled PTFE glass fiber cloth. It is a kind of thermoplastic 

material renowned for its strong mechanical qualities, high 

temperature endurance, and good electrical insulation 

qualities.). Moreover, there are also two shorting stubs, that 

are connected to the ground plane at diagonally opposite ends 

of the leaf-shaped radiator as depicted in Fig. 2. The Alien H3 

RFID chip is connected at one end of a long diagonal slot for 

getting a conjugate impedance match with 27 – 201j at 915 

MHz. All other dimensions for 866 MHz band tag are same 

except the length of shorter diagonal slot. 

Starting with CMA of a 40 × 40 mm2 radiating plate etched 

on grounded F4B substrate, we discovered some modes are 

resonating near 2 and 3 GHz. In order to reduce the resonance 

frequency of CM modes in the US RFID band, the longer 

diagonal slot was designed. Additionally, the rosewood leaf 

(as shown in figure 3 (a)) was the bio inspiration for this 

proposed CP tag antenna. Thereby, an edge truncation and a 

small diagonal slot were carried out in order to achieve 

circular polarization. 

Fig. 3 illustrates the initial design of the proposed tag antenna 

using CMA, before optimization and full wave simulation. All 

dimensions of the initial tag design are the same as the final 

proposed design except the length and width of the longer 

diagonal slot. The diagonal slot is 0.25 mm for W6 portion and 

0.5 mm for W5 portion. The initial design represented in Fig. 3 

is used to rum CM Analysis. Fig. 4 (a) depicts the modal 

significance plot of six modes of initial tag design (ITD). It 

can be observed that modes 1 and 2 are the most significant or 

resonating modes. Modes 1 and 2 are resonating at 940 MHz 

and 870 MHz, respectively. So, modes 1 and 2 have good 

radiation capability and can be excited carefully to work in the 

US RFID band. While modes 3, 4, 5 and 6 have modal 

significance less than 0.2, that demonstrates their less 

radiation capability. Consequently, all other modes except 

modes 1 and 2 are non-significant modes and cannot be 

excited for RFID band. Similarly, the characteristic angles of 

six characteristic modes (CMs) of ITD are depicted in Fig. 4 

(b).  
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Fig. 5. Characteristics current patterns associated with six CM modes of ITD. 

 

 
(a) 

                 

 
(b) 

Fig. 4. (a) Modal significance of first six modes of initial tag design (b) 
Characteristic angles (in degrees) associated with first six modes of 
initial tag design.  

The parameters such as modal significance (MS) and 

characteristic angle (α) can be extracted from eigen values λ. 

Both modal significance and characteristic angle are 

independent of source or excitation. Based on orthogonality of 

Characteristic modes, the overall current on perfectly 

electrically conducting (PEC) body or can be described as a 

linear superposition of characteristic mode currents as follows: 

 

                         n n

n

J J                                      (1) 

 

Where nJ  is eigen current or eigen function of mode n. n
 is 

the complex modal weighting coefficient (MWC) of mode n. 

MWC determines the weight or contribution of each 

individual mode in total current.  

n
 can be expressed as: 

                 
,

1 1


 
 

 

i
i

n
n

n

n n

E JV
                               (2) 

Where  
i

nV  is model excitation coefficient (MEC). 

Moreover, the total current J  can also be described as follow:  

                          
1 





i

n n

n n

V J
J                                      (3) 

The product 
i

n nV J   provide the information regarding which 

mode will be excited with external feed or excitation (
iE ).  

Moreover, the total far-fields associated with total induced 

currents J  of can also be determined as follows [27],[28]: 
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Where 
nE and  nH are radiation far-fields associated with 

particular characteristic mode current n.  

The characteristics angle is another important parameter to de-

scribe the exact resonance frequency of CMs. Moreover, the 

characteristic angles also provide significant information to 

achieve circular polarization. Characteristic angle (αn) poses 

another important description of CMs [27] expressed as 

follow: 

                         
1180 tan

n n
                                    (5) 

Where λn is eigenvalues associated with each CM.  

 

The characteristics angles are very important to finding the 

feeding position to excite two orthogonal modes for achieving 

circular polarization. More precisely, in order to achieve 

circular polarization, two modes having a characteristic angle 

difference of 90o are required to excite simultaneously using 

one feed location [27] [28]. As it can be seen from Fig. 4 (b), 

the difference in characteristics angle of modes 1 and 2 at 920 

MHz is 90o, which is pivotal for circular polarization. 

Additionally, the characteristic angles of all other modes 

(Modes 3, 4, 5, and 6) are between 90o to 180o, thereby 

posing. inductive behavior.  

To explore it further, the characteristic current patterns 

associated with all six CM modes of ITD are shown in Fig. 5. 

The characteristic currents are also evident regarding the 

significance and radiation capabilities of modes 1 and 2. Mode 

1 has a rotational current pattern with minima at the edge of a 

longer diagonal slot. While mode 2 also has a diagonally 

symmetric current pattern with minima at the edges of 

diagonal slots as well.  The characteristic current patterns of 

all other modes (except modes 1 and 2) show no evident 

current distributions, accordingly representing the inductive 

behavior of these modes (modes 3 - 6). Additionally, the 

current distribution offers de-tails regarding the feed position 

to simultaneously excite both modes with an orthogonal 

current distribution to realize circular polarization. 

III. SIMULATION AND MEASURED RESULTS 

After placing the RFID chip as CCE at one end of a longer 

diagonal slot, modes 1 and 2 are excited. The overall tag setup 

is run using full-wave simulation in CST Microwave Studio 

(frequency domain solver) by attaching a mimic of the Alien 

H3 RFID chip. The width of the diagonal slot is optimized 

further using full-wave simulation in order to get a good 

impedance match with the Alien H3 RFID chip. The width of 

the longer diagonal slot is made 1.05 mm wide for the whole 

length in contrast to IDT (as shown in Fig. 2).  Consequently, 

the resulted real and imaginary impedance plots of the 

proposed CP tag design (after placing over a 100 × 100 mm2 

metal plate) are shown in Fig. 6. 

 

 
 

Fig. 6. Real and Imaginary impedance plot of the proposed CP tag 

design. 

 
 

Fig. 7. Simulated S11 and axial ratio plot of proposed CP tag design. 
 

The imaginary impedance of the CP tag ranges from 190 – 

250 Ω in US RFID band (902 – 928 MHz). Similarly, the real 

impedance of CP design also ranges from 25 – 50 Ω in US 

RFID band. So, these impedance ranges of CP tag design 

depict a good conjugate match with H3 RFID chip having 

impedance 27-201j at 915 MHz. Similarly, the imaginary 

impedance of tag version for 866 MHz is ranging from 180 – 

240 Ω. While, the real impedance in 866 MHz band is ranging 

from 22 – 45 Ω. So, the tunable version of this CP tag also 

provides good conjugate match with H3 chip in EU RFID 

band. The corresponding simulated S11 plot of the proposed 

CP tag design for both 915 MHz and 866 MHz bands are 

shown in Fig. 7. The 3dB band-width of this CP tag is ranging 

from 890 - 935 MHz, while the proposed CP design features – 

10 dB reflection coefficient bandwidth ranging from 900 – 

920 MHz. Moreover, the axial ratio of the proposed CP tag is 

also shown in Fig. 7. This CP tag offers an axial ratio less than 

3 dB for the 902 – 912 MHz. 
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RFID Chip

40 mm

40 mm

 

Fig. 8. Fabricated prototype of proposed CP tag design. 

Fig. 8 shows a fabricated prototype of the proposed CP tag. 

This fabricated tag design is used for read range measurement 

proposes. The theoretical read range of an RFID tag can be 

calculated from Frii’s equation as follows: 

 

              




 


2

max

(1 )

4

tr tr tag

th

P G G
r

P
                   (2) 

 

Where λ is the wavelength, Ptr and Gtr are transmitted 

power of reader and reader antenna gain. Gtag and Pth are gain 

and minimum threshold power to turn on the tag’s chip. As 

per datasheet [29], Pth of Alien H3 RFID chip is -18 dBm. 

 and ρ are reflection coefficient and polarization efficiency 

for the tag. The reflection coefficient accounts for impedance 

match, while polarization efficiency accounts for polarization 

mismatch (e.g. there is a 3 dB mismatch between linear 

polarized tag and CP reader antenna). However, there is no 

loss due to polarization mismatch in the case of our proposed 

CP tag antenna.   

 

 

Fig. 9. Read range measurement setup for proposed CP tag after 
mounting on metal plate.  

To conduct the read range measurements of proposed CP 

tag, an Impinj Speedway R420 is deployed with 8 dBi circular 

polarized read antenna. The outfield read range measurement 

setup is shown in Fig. 9. We used a frequency range of 902 – 

928 MHz with 36 dBm EIRP (4 watts) specifications for 

reading range estimation.  

Table I shows the comparison of the proposed circular 

polarized RFID tag with state of the art designs reported in 

literature. Most of the CP tags are based on single layer 

substrate and lack the metal tolerable feature such as reported 

in [9]-[13]. 

TABLE I 
COMPARISON OF THE PROPOSED CP TAG ANTENNA WITH OTHERS DESIGNS IN THE LITERATURE

 

 

N.A. = Not Available, NA= Not Applicable 

 

Reference Size 

(mm3) 

Substrate 

Layers 

-10 dB 

Impedance 

Bandwidth 

(MHz) 

Maximum 

Read Range 

on Metals  

(m) 

Maximum 

Read Range 

on other 

materials (m) 

Via or 

shorting Pin 

Metal 

Tolerant  

Tunable 

[9] 35.6 × 35.6 × 

0.508 

1 37 N.A. 7.6  (air) No No No 

[10] 90 × 90 mm2 1 52  N.A. 16.3  (air) No No No 

[11] 50 × 50 × 4 2 N.A N.A. 5.8 (human 

body) 

Yes No No 

[12] 69 × 69 × 1 2 47 N.A. 8.3 (air) No No No 

[13] 65 × 65 × 4 1 NA NA 1.97 No NA NA 

[14] 60 × 60 × 

3.084 

2 8 22.4 N.A. Yes Yes No 

[15] 54 × 54 × 5.2 2 36 (3dB) N.A. 8.3 (air) No No No 

[30] 56 × 56 × 0.4 1 865.6–1000  N.A. 9.9 (air) No No No 

This Work 40 × 40 × 2 1 20  7 4.5 No  Yes Yes 
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The tag design published in [14] was based on dual 

substrate layer. This design offers good read range and metal 

tolerable feature. However, this design offers a very small 

impedance bandwidth of 8 MHz and has shorting pin, which 

poses difficulties in tag fabrication process. The tag presented 

in [15] is also based on double substrate layer and has read 

range of 8.3 m in air. Similarly, the tag design presented in 

[29] is single layer structure with good impedance bandwidth 

and read range of 9.9 m in air. However, this tag design lacks 

metal tolerability and tunable features.  

Therefore, the proposed tag design is good candidate among 

CP design with relatively small foot print of 40 × 40 × 2 mm3. 

Moreover, the proposed design features read range of 7 m and 

4.5 m on 100 × 100 mm2 metals plate and low-permittivity 

substrates, respectively (for 902 – 928 MHz band). In EU 

band, the corresponding read ranges are 5.7 m and 3.5 m 

above metal and low-permittivity objects, respectively. This 

circularly polarized tag antenna is advantageous in terms of 

cost, circular polarization feature, and ease of fabrication due 

to the absence of vias, shorting pins, and matching circuits. 

 

Since the antenna used in this setup has a gain of 8 dBi, so, 

the 28 dBm power specification was selected in reader setup. 

The read range patterns of this CP tag after mounting on metal 

plate and cardboard box (at 915 MHz) are illustrated in Figure 

10. A read range of 7 m is achieved for both xz- and yz-planes 

with a maximum read range at 90o (or when the tag is face to 

face with the reader antenna). Similarly, this tag antenna 

achieved a maximum read range of 4.5 m after mounting on 

cardboard box for both xz- and yz-planes with a maximum 

read range at 90o. The read range patterns are similar with 

little difference in case of cardboard. Moreover, the read range 

in case of metal is more as compared to read range on 

cardboard box.  

 

 

 
 

Fig. 10. Read range pattern of proposed CP tag after mounting on the 
metal plate. 

 

Fig. 11. Read range of proposed CP tag after mounting on different 
materials. 

Furthermore, the tag antenna is mounted on different materials 

such as plastic, cardboard box, book, wooden block and 100 × 

100 mm2 metal plate. The measured read range of CP tag 

antenna after mounting on different materials is depicted in 

Figure 11. The maximum read range of 7 m is achieved on 

100 × 100 mm2 metal plate, while the read ranges achieved on 

plastic, book, cardboard box and wooden block are 

approximately 4.5 m.  

In addition, by merely adjusting the length of the shorter 

diagonal slot, the CP tag can be tuned to the European RFID 

band (866 - 868 MHz). In the EU band, the corresponding 

read ranges are 5.7 m and 3.5 m above metal and low-

permittivity objects, respectively. Therefore, the proposed CP 

tag antenna is a suitable candidate for tagging cardboard boxes 

for conveyer belt applications and baggage sorting areas at 

airports and other facilities.      

IV. CONCLUSION 

We propose a bio-inspired UHF RFID tag antenna with 

CP and tunable characteristics for metallic and low-

permittivity substances. The tag parameters are optimized 

first using CMA to scale down the frequency of the tag in 

902 – 928 MHz band. Moreover, this tag design achieved a 

good impedance match with the Alien H3 RFID chip after 

further modification using CST. The proposed CP tag 

attained a read range of 7 m and 4.5 m on the metal plate and 

low-permittivity substances. In addition, the CP tag is 

tunable to European RFID (EU) band (866 – 868 MHz) by 

just changing the length of shorter diagonal slot and obtained 

a corresponding read range of 5. 7 m and 3.5 m above metal 

and low-permittivity objects in EU band. This circularly 

polarized tag antenna is advantageous in terms of cost, 

circular polarization features, and ease of fabrication due to 

the absence of vias, shorting pins, and any other matching 

circuits. Therefore, this tag design is suitable for labeling 

metallic objects, industrial conveyer belt applications, 

baggage handling systems, and IoT applications. Future 

work might include combining this tag design along with 

suitable reader antenna for tracking and tracing of medical 

assets in a hospital environment. 
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