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Abstract ─ This study proposes a new omega-shaped tag 

antenna with inductively-coupled feeding (ICF) using 

U-shaped stepped- impedance resonators (SIRs). It aims

at improving the performance of the tag antennas for

Radio Frequency Identification (RFID) applications.

The radiating body of the antenna is fed using two

mirroring symmetrical U-shaped SIRs. This antenna is a

simpler alternative for the existing antennas that match

the impedance of the antenna to the chip impedance

effectively applying varied reinforcement of the

equivalent inductance of the radiating structure. In

addition to the use of an omega-shaped structure, the

proposed feeding technique boosts performance of the

antenna impedance, dimensions, and peak gain. The

measured size of the antenna was 50×55.55×1.6 mm3. It

attains a peak gain of 1.8 dBi and radiation efficiency

higher than 85% at its operating frequency. The

experimental results revealed that this tag antenna has

the characteristic of good impedance matching within

the frequency range of 900-940 MHz, corresponding to

a better power reflection coefficient of -3 dB. Comparison

between the measured and simulated results verified that

the proposed feeding method is capable to improve

overall performance of RFID tag antennas.

Index Terms ─ Inductively-coupled feed, omega-shape, 

Radio Frequency Ddentification (RFID), RFID tag, 

stepped-impedance resonator. 

I. INTRODUCTION
The RFID technology is swiftly progressing to 

produce simpler and more efficient object identification. 

Currently, it is inevitable to avoid the rapidly-growing 

applications of RFID in daily life, particularly passive 

RFID applications. For example, RFID antennas and 

sensors are not only embedded into general detection 

systems, but also involved modern vehicle and 

transportation devices, access point networks, business 

transactions, healthcare purposes, and logistics systems 

[1], [2]. 

Essentially, the ideal passive RFID tag relies on 

agreeably matching an antenna into a chip tag, which is 

combined in a circuit. The perfect matching enhances the 

chip functionality power, hence, extending the reading 

range. The most vital section of each passive RFID is 

considered as the tag antenna. There is growing interest 

in reducing the cost and size of the RFID for varied 

applications in numerous fields especially where cost of 

fabrication and matching networks concerned. The only 

way is to achieve a direct matching between the antenna 

and the chip. The suggested approach is to solve the 

complicated impedance problem, albeit, its variable 

factors, frequency and the input power magnitude [3]. 

Recently, among the solutions applied are these tag 

antennas for RFID purposes mentioned in [4]–[10]. 

Regrettably, only a few of them offered high 

omnidirectional gain antennas with miniaturized 

dimensions. Thus, the urgency is concentrated more on 

designing methods. For example, an inspiring low-profile 

antenna design was proposed in [4] that employed a 

“Vivaldi-like” aperture loaded with meander line and 

then fed through a slot line which was electromagnetically 

coupled with the microstrip line. This antenna utilized an 

ordinary 50-Ω impedance system instead of common 

chip impedance at a 2.97 dB peak gain. Meanwhile, in 

[5], a proposed dual-band tag antenna was functioning at 

both HF and UHF bands. It comprised a spiral shape coil 

and two meander lines to resonate at HF and UHF bands, 

respectively. Moreover, it could be easily adjusted and 

the antenna using various means to handle the coarse and 
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fine-tuning. Despite these benefits, it is still considered 

large at the dimensions of 51.4 × 83.6 mm2 with a 

maximum gain of almost 1.5 dB. Another research by 

Tang et al. [6] developed a rectangular-loop feeding 

antenna with a bent meandered strip and extra patches to 

allow it to function in the UHF RFID bands. However, 

the size of this proposed antenna is 77.5 × 22.2 mm2 at 

maximal gain: 1.6 dB. 

Several RFID tag antennas were developed with 

some configurations specifically optimized to be 

mountable on metallic objects [11]–[14]. Those RFID 

tag antennas performance offered low gain because of 

their reduced size. Other different designs of RFID 

antennas were proposed in [15]–[18] with inductively-

coupled feeding (ICF) designed to improve the gain of 

tag antennas. This proposed feeding method, specifically 

ICF, yields enhanced performance in relation to gain and 

impedance. However, the sizes of the antennas presented 

in [15]–[18] were still considered big. Therefore, the size 

required further reduction. 

A unique broadband UHF RFID tag antenna for 

bio-monitoring applications was proposed in [19]. This 

antenna has a bandwidth of 120 MHz, which allows it to 

operate at all the UHF frequency band. The levels of 

performance were improved in both free space and on 

the human body. Yet, at approximately 80 mm× 50 mm× 

200 µm, the size of this antenna is still big. Another 

RFID tag was designed to detect the dielectric materials 

in [20]. The basic configuration of this antenna included 

a printed spiral configuration. The testing results 

confirmed it could produce tags with acceptable 

readability and showed a reading distance of up to 7 m 

when incorporated with metallic objects and 10 m in the 

case of dielectric objects. But it is also big at 115 × 26 × 

3.38 mm3. Next in the list is a high-performance UHF 

RFID tag antenna consisting of a liquid-filled bottle [21]. 

It comprised of a folded dipole and a loop-matching unit 

placed on a water bottle. The testing results determined 

that the reading range of this antenna can reach up to 

4.2 m when placed on a water bottle at the frequency of 

915 MHz. Ironically, without the bottle, the reading 

range of this antenna increased significantly and reached 

up to 8 m. Yet, it remains a challenge to design a high-

performance RFID tag antenna that is suitable to be 

placed onto a liquid-filled bottle due to the variety of 

potential liquids and the associated high conductivities 

and permittivity. 

After further review of the literature, this study set 

forth with the objective to design a cost-effective, high 

gain, and miniaturized tag antenna with minimal losses 

to use in RFID applications. The proposed design is 

based on ICF using U-shaped SIRs that are tuned to 

operate at a center frequency of 0.915 GHz. Section 2 

presents a detailed analysis of the suggested stepped-

impedance resonator feeding. Then, the configuration of 

the proposed tag antenna follows in Section 3. Both the 

theoretical and evaluated results are presented in Section 

4 and then it is concluded in Section 5. 

II. ANALYSIS OF THE FEED STRUCTURE

OF THE U-SHAPED STEPPED-IMPEDANCE

RESONATOR 
The stepped-impedance resonators (SIRs) are used 

extensively in the designs of microstrip and microwave 

devices for their easier regulator and miniature size. 

Exclusively, previous studies reported in [22]–[24] 

reported that the SIRs are tunable over a wide range 

of frequencies by the effect of the impedance ratio (Rz) 

of the low-impedance to the high-impedance sections. 

Once Rz is reduced, the resonator length will also be 

minimized. The flexibility in reducing the length of the 

resonator is beneficial in meeting the miniaturization 

demand of the industry. 

Figure 1 shows the U-shaped SIR feeding 

configuration. It is fed based on two symmetrical U-

shaped SIR units to excite the radiating dipole via ICF. 

Its opposite central points directly connected to the RFID 

chip at the head of the two U-shaped SIR structures (Fig. 

1). The equivalent inductance in the previously stated 

dipole is achieved by utilizing the proposed feeding 

configuration. The parameters SU, LZ1, LZ2, WZ1 and WZ2 

provide flexible control over the inductive coupling 

strength. Figure 2 depicts the ICF’s equivalent circuit. 

The inductive-coupling unit can be turned into a 

transformer. The Zin known as the antenna input 

impedance, is recorded at the terminals of the U-shaped 

SIR and is estimated as follows [15]: 

𝑍𝑖𝑛 =  𝑅𝑖𝑛 + 𝑗𝑋𝑖𝑛 =
(2𝜋𝑓𝑀)2

𝑍𝑎𝑛𝑡

+ 𝑍𝑈,  (1) 

where Zant and ZU are the dipole antenna impedance 

and the U-shaped SIR feeds impedance, respectively. 

Likewise, M has shared inductance between the two 

impedances. The value of ZU can be calculated using 

Equation 2:  

𝑍𝑈 = 𝑗2𝜋𝑓𝐿𝑈,                                (2)
where LU is the self-inductance of the SIR feed structure. 

The equation 3 can assist to calculate the antenna 

impedance at the resonant frequency (f = f0) of dipole 

antenna as:   

𝑍𝑖𝑛 =  (
(2𝜋𝑓0𝑀)2

𝑍𝑎𝑛𝑡

) + (𝑗2𝜋𝑓0𝐿𝑈).               (3)

Equation 3 confirms that the inductance of the 

U-shaped SIR (LU) specifies the input reactance.

Meanwhile, the transformer mutual inductance (M)

determines the resistance regardless of whether the

radiating dipole antenna is operating at the resonance

frequency or at any other frequencies. Theoretically,

reactance and resistance can be adjusted independently.

Besides, the proposed feeding structure is a simple and

ideal alternative to match the antenna impedance to the

chip impedance effectively.
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Fig. 1. The proposed layout of ICF using the U-shaped 

SIRs. 

Fig. 2. The equivalent circuit model of ICF. 

Figures 3, 4, 5, 6, and 7 shows plots, indicating how 

the U-shaped SIR designing parameters such as LZ1, LZ2, 

WZ1, WZ2, and SU affecting the return loss (dB) results. 

The return loss plots were simulated using Murata 

RFID MAGICSTRAP LXMS31ACNA-011 tag chip, 

with input impedance of (25-j200) Ω at resonance 

frequency of 915 MHz. The simulation results summary 

is any increment in the LZ1 will reduce the resonant 

frequency. In contrary, it works for different values of 

the impedance ratio (RZ). The results demonstrate that 

any increment in RZ value will affect the resonant 

frequency of the tag antenna and shift it down. It can be 

concluded that RZ is a vital electrical parameter for 

characterizing properties of the U-shaped SIRs feeding 

structure. Therefore, the selection of RZ offers a flexible 

method to tune the resonant frequency of the tag antenna 

to the desired operating frequency. 

Fig. 3. Simulated return loss at different LZ1 values. 

Fig. 4. Simulated return loss at different LZ2 values. 

Fig. 5. Simulated return loss at different WZ1 values. 
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Fig. 6. Simulated return loss at different WZ2 values. 

 

 
 

Fig. 7. Simulated return loss at different SU values. 

 

 
   (a) 

 

 
  (b) 
 

Fig. 8. Simulated input impedance of the tag antenna for 

different values of RZ: (a) resistance and (b) reactance. 

 

III. CONFIGURATION OF THE PROPOSED 

TAG ANTENNA 
A miniaturized microstrip tag antenna is proposed 

for RFID purposes. It comprises of two U-shaped ICF 

SIR arms and an omega-shaped resonator as a radiating 

dipole body. The omega-shaped resonator configurations 

have competent resonance property and can shrink the 

length of the resonator, in which such adjustment is 

frequently adapted by the researchers in many designs 

applications to meet higher performance enhancement 

and miniaturization targeted like in the reported works in 

[25]–[28]. However, based on the authors’ knowledge, it 

has been used solely in the development of RFID tag 

antennas as proposed in this work. 

In this antenna design procedure, both structures 

(the U-shaped ICF SIR arms and the omega-shaped 

radiating dipole body) are located on the upper surface 

of the substrate (Fig. 9). Also, it has no conductor 

attached to the bottom surface of the substrate. The 

absence of any direct contact material is purposely done 

to avoid obstruction during experimental sessions. Its 

elliptical shapes, and dimensions were carefully specified 

to improve impedance matching. Its IC chip terminals 

are placed directly in the middle of the two opposing U-

shaped SIR units. Encouragingly, the mutual coupling 

assists the feeding to communicate with the body of  

the tag antenna. That is how it offers attractive features 

in sensing applications. Figures 9 and 10 show the 

simulated and fabricated prototype of the proposed RFID 

tag antenna, respectively. Additionally, the geometrical 

properties of this antenna are tabulated in Table 1. The 

values of the listed geometrical properties are the 

optimized values for better functionality to obtain the  
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antenna in its UHF operation frequency RFID band from 

860 to 960 MHz. These optimized values (Table 1) were 

gained during the simulation process.  

Fig. 9. The simulated prototype of the proposed tag 

antenna. 

Fig. 10. The fabricated tag antenna prototype. 

A Murata RFID MAGICSTRAP LXMS31ACNA-

011 tag chip [29] was utilized to fabricate the antenna. 

At assumed (25-j200) Ω input impedance and operating 

at 915 MHz resonant frequency, the minimum point 

of threshold power is -8 dBm. This tag antenna was 

fabricated on an epoxy FR4 substrate with a loss tangent 

of 0.02, h= 1.6 mm, and 𝜀𝑟= 4.4. Its measurement is

50×55.55×1.6 mm3. These dimensions, as well as the 

resonance frequency of this antenna are based on 

optimized simulations that matched the inductance with 

a conjugate impedance of the selected chip. Furthermore, 

it has miniaturized dimensions corresponding reductions 

of nearly 20.64%, 30.5%, 7.1%, 32.18%, and 22.84% in 

size compared to those antennas proposed in [16], [19], 

[20], [30], [31], respectively. 

The CST Microwave Studio 2019 was used as a full-

wave electromagnetic simulator to simulate the proposed 

tag antennas characteristics using Finite-Difference 

Time-Domain (FDTD) method [32]. Figures 11 and 12 

depict the simulated return losses (RL) of the proposed 

antenna in terms of W1 and W2, respectively. This step 

was taken to determine what influences the width of the 

omega-shaped antenna from its overall performance. 

The values of parameters presented in Table 1 are 

considered in the simulation process. It suggests that 

the increases in W1 and W2 will slightly increase the 

frequency response of the antenna. Therefore, it is 

concluded that the dimensions of the omega-shaped 

antenna largely influence its performance. 

Fig. 11. The simulated return loss of the proposed 

antenna in terms of W1. 

Fig. 12. The simulated return loss of the proposed 

antenna in terms of W2. 

Figure 13 indicates a plot of the simulated RL of 

tag for three antennas of different geometrical shapes 

according to the geometrical parameters of the antenna 

listed in Table 1. The simulation results shown in the 

figure were intended to compare the properties and 

performance among antenna designs: the proposed 

design, the ones without omega-shape and without the 
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U-shaped SIRs. The results (Fig. 13) demonstrate that 

the proposed tag antenna yields better results in terms  

of RL, lower than -35 dB compared to other antennas 

configurations. Therefore, by combining both techniques 

of design structures (the U-shaped SIR resonator as 

feeder structure and the Omega-shaped as a radiating 

body of the antenna) simultaneously overcomes the 

mismatching problem between the antenna and its chip 

impedances. Consequently, also solves the antenna size 

problems. In fact, using the U-shaped SIR resonator as a 

feeder structure offers an easier controlling method for 

resonant frequency by adjusting the impedance ratio (the 

low-impedance to the high-impedance). However, there 

are rooms to improve better matching techniques between 

the antenna impedance and the IC chip impedance. 

Additionally, the omega-shaped insertion turns the 

resonator length of the dipole antenna shrinkable. The 

reducible length of the resonator is advantageous in 

meeting the miniaturization demand of the industry. 

Overall, researchers found that the proposed design for 

the tag antenna meets the current engineering demands 

on the antenna design for RFID applications. 

Next, the lumped-element values of the equivalent 

circuit model of the proposed ICF tag antenna shown  

in Fig. 2 were optimized using CST design studio 

modelling, including its material substrate effects. Then, 

the results were compared with the ones obtained from 

the 3D full-wave model as illustrated in Fig. 14. The 

simulated return loss of the tag antenna shown in Fig. 14 

were simulated by considering the lumped-element values 

of chip impedance operating at the frequency of 915 

MHz (based on the geometrical parameters in Table 1). 

Obviously, both the modeled and the full wave simulated 

results seemed in good agreement, which validates the 

equivalent circuital model illustrated in Fig. 2. Also, Fig. 

14 indicates that the antenna performs well in terms of 

the achieved return loss, which is lower than -30 dB. 

 

 
 

Fig. 13. The simulated return loss results for three 

various geometrical shapes. 
 

 
 

Fig. 14. Comparison between modeled data and full 

wave simulated results. 
 

Table 1: The antenna designing parameters 

Parameter L W W1 W2 S1 S2 LZ1 LZ2 WZ1 WZ2 r1 r2 g 

Value (mm) 55.55 50 1.8 1.0 0.5 0.75 15.78 10 0.8 8 5 8 0.5 

IV. EXPERIMENTAL RESULTS AND 

DISCUSSION 
In order to conduct standard measurement, a 

differential probe was utilized in a room environment. 

The differential probe has a symmetrical structure and it 

was originally developed by Palmer et al. [33]. Two 

ports are connected through a fixture with the metal 

shields of the semi-rigid coaxial cables soldered to build 

the virtual common ground. After that, the free space 

measurement was administered connecting the differential 

probe to a Vector Network Analyzer (Anritsu 37347D 

model) at one end and then it is soldered to the tag 

antenna from the other end. 

Figure 15 illustrates the comparison between the 

measured and the simulated impedance results. The 

former results were achieved after de-embedding the 

effect of the semi-rigid cables from the reflection and 

transmission coefficients. And then it was measured at 

the Sub-Miniature Version A (SMA) connectors applying 

the technique presented in [33], [34]. Figure 15 shows 

only a slight difference in the resistance and reactance 

curves in both measured and simulated results. The  

main difference observed between these values (Fig. 15) 

can be attributed to the soldered measurement probe. 

Another potential explanation is any probable mismatch 

between the SMA connectors and feeding lines, the 

potential defects in the fabrication process, and the 

variations of chip impedance, are usually common in the 

real implementation. Additionally, Fig. 15 uncovers that 

the measured and simulated impedances at the center 
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frequency of 915 MHz are (12.98 + j191.7) Ω and (24.77 

+ j200.2) Ω, respectively.

In other respects, the present study followed the

method for the power reflection coefficient (PRC) 

analysis described in [35]. The simulated and measured 

PRC results of the proposed tag antenna with half-power 

bandwidth (HPBW) are shown in Fig. 16. The HPBW 

is defined based on the PRC < 3 dB criterion. The 

simulated and measured HPBW values are 1.97% 

(906-924 MHz) and 4.35% (900-940 MHz), respectively 

(their center frequencies are 915 MHz and 919 MHz). 

The measured results are varied slightly from the 

simulated results and it might be due to many main 

reasons such as fabrication process defects, a variation 

of the chip impedance as well as the soldering 

imperfection that exists between the differential probe 

and the tag antenna. In addition, the measurement carried 

out in a normal room environment, not inside an 

anechoic chamber. Nonetheless, the results prove that 

the antenna is working within the standard UHF 

frequency RFID band between 860 and 960 MHz. 

Fig. 15. The measured and simulated impedance. 

Fig. 16. The power reflection coefficient values in 

measurement and simulation. 

The maximum possible theoretical read range (rmax) 

of the proposed tag antenna can be computed using Friis 

free-space method [3]:  

𝑟𝑚𝑎𝑥 =
𝜆

4𝜋
√

𝑃𝑡𝐺𝑡𝐺𝑟

𝑃𝑡ℎ

,  (4) 

where λ is the wavelength, Pt represents the power 

transmitted by the reader, Gt is the gain of the reader 

antenna, Gr is the gain of the receiving tag antenna, and 

Pth is the minimum threshold power that required to turn 

on the chip.  

The highest theoretical reading range of the 

proposed tag antenna calculated using Equation 4 

was 5.56 m. To verify the match of the actual reading 

range with this theoretical value, the measurements were 

performed at a setting of 30 dBm output power for the 

reader corresponded to a nearly 4.0 W of equivalent 

isotropic radiated power (EIRP). With the ATid (AT-

870) hand-held reader, the reading range measured

5.1 m, which is approximately 8.2% lower than the

maximum theoretical reading range. This difference

between the calculated (theoretical) and measured

(actual) reading ranges has mainly ascribed the fact that

the measurements were taken in the normal room

environment.

Figure 17 demonstrates the simulated and measured 

peak gain of the proposed antenna at the desired UHF 

RFID frequency band. For further investigation, the 

simulated radiation efficiency and the far-field radiation 

pattern of the proposed tag antenna are presented in Figs. 

18 and 19, respectively. Besides, the proposed antenna 

achieves an omnidirectional gain of 1.8 dBi and radiation 

efficiency of almost 85 % at 0.915 GHz which are higher 

than those presented in [4]–[6], [11], [13], [14], [18]–

[20], [30], [36]. The main improvement of this antenna 

compared to previous ones is its enhanced performance 

by ICF using the U-shaped SIRs and the omega shaped 

design. These parts add inductance to the radiating 

dipole antenna that does not exist in the conventional 

feeding techniques such as the coupled open-loop 

reported in [15]. 

In order to verify further and highlight the 

originality of the proposed tag antenna design and 

feeding configuration, a comparison was made with 

several recently developed UHF RFID tag antennas in 

terms of antenna dimensions, gain, and the reading 

range. The comparisons (Table 2) reveal that the propose 

one presents size reduction of 20.64%, 30.5%, 7.1%, 

32.18%, and 22.84% as compared to the antennas 

reported in [16], [19], [20], [30], [31], [36], respectively. 

Furthermore, a higher peak gain is obtained in 

comparison with tag antennas introduced in [14], [19]–

[21], [30], [31], [36] at 915 MHz. Moreover, the proposed 

antenna shows a longer read range as compared to similar 
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works in [14], [16], [19], with a better improvement for 

radiation efficiency. However, the proposed antenna 

uses the same value of chip impedance (25-j200 Ω) with 

the antennas reported in [14], [16]. The proposed antenna 

features a lower read range compared to some existing 

RFID antennas reported in [20], [21], [30] because of the 

high minimum threshold power required to turn on the 

MURATA chip of -8 dBm (160 µW). Using another type 

of chip may improve the effectiveness in extending the 

read range further. For instance, some of them may offer 

lower minimum threshold power (e.g., NXP Ucode8 

chip with threshold sensitivity of -20 dBm). Accordingly, 

the proposed design attracts RFID applications that 

demand economical choice of compact-sized antennas, 

an extended reading range, and good performance 

concerning the gain and radiation efficiency. 

 

 
 

Fig. 17. The measured and simulated realized gain. 

 

 
 

Fig. 18. Simulated antenna radiation efficiency. 
 

 
 

Fig. 19. Simulated far-field radiation pattern at the 

frequency of 915 MHz. 

 

Table 2: Comparison between the proposed RFID tag antenna and recently developed works 

Reference Chip Impedance (Ω) at 915 MHz Size (mm2) Gain (dBi) Reading Range (m) 

[14]  25-j200 82.75 × 19.5 -0.53 3.72 

[16]  25-j200 50 × 70 2.50 4.92 

[19]  23-j202 80 × 50 1.75 4.6 

[20]  25-j237 115 × 26 2.08 7.5 

[21]  24.5-j190 44 × 20 -5.54 5.6 

[30] - 64 × 64 -1.18 10.2 

[31] 13.5-j111 60.1 × 60.1 0.25 6.7 

[36] 13.5-j111 60 × 60 -9.7 3.36 

Proposed Antenna 25-j200 50 × 55.55 1.80 5.1 

VI. CONCLUSION 
This study develops an omega-shaped tag antenna 

with ICF using U-shaped SIRs for RFID applications. It 

consists of two omega-shaped radiating arms that are fed 

by an innovative method implementing ICF using U-

shaped SIRs to reduce the antenna size and improve the 

gain. It produces an inductance that is equivalent to the 

radiating dipole antenna. Hence, it offers a transformative 

method to augment the strength of inductive coupling as 

well as a simple alternative to perfectly match between 

antenna and impedance. Furthermore, the simulated and 

measured results present an omnidirectional peak gain  

of nearly 1.8 dBi. This peak gain (1.8 dBi) is higher  

than the peak gains of the traditional antennas recently 

proposed in [14], [19]–[21], [30], [36]. In addition, the 

herein proposed tag antenna has a compact size with an 
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area of just 50×55.55 mm2. As such, it is 20.64%, 30.5%, 

7.1%, 32.18%, and 22.84% smaller in size than the tag 

antennas proposed recently in [16], [19], [20], [30], [31], 

respectively. It can be concluded that the tag antenna 

proposed in this paper has a better overall performance 

than the other tag antennas due to its higher radiation 

efficiency, size, gain, and impedance. The overall results 

of this study suggests turning it into a more desirable 

design for its potentialities for various applications of the 

UHF RFID systems.                                                                                   
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