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ABSTRACT 

This article describes a tag antenna fed by an inductively coupled technique for Radio Frequency Identification 

(RFID) applications. The folded stepped-impedance resonator (SIR) is used for the feed structure while the split ring 

resonator (SRR) is used as radiating dipole arms. An equivalent circuit model for the inductively coupled tag antenna is 

given to synthesize the tag antenna system with an RFID chip. The simultaneous use of SRR and SIR resonators provide 

flexible tuning in terms of antenna impedance and easier to miniaturize the prototype. Itis printed on an epoxy FR4 

substrate at the vey compact size of 44×44×1.6 mm
3
. It is designed using Murata IC chip having an impedance of 25-j200 

Ohm at center frequency of 915 MHz. The experiment yields result of the impedance bandwidth is 35 MHz (901-936 

MHz, 3.8%), which operates within the standard UHF frequency band. Furthermore, the results showed that the peak gain 

of the proposed tag antenna is -1.4 dBi with radiation efficiency higher than 58% at the center frequency of 915 MHz. It 

provides an omnidirectional radiation pattern with a maximum measured read range of 3.18 meters at the resonant 

frequency of 915 MHz with an effective isotropic radiated power (EIRP) of 4.0 W. The measurement results agree with the 

simulated ones. Consequently, the proposed prototype offers attractive benefits for RFID applications.  

 
Keywords: RFID, split ring resonator, stepped-impedance resonator, tag antenna, inductively coupled feed, impedance matching. 

 

INTRODUCTION 

Radio Frequency Identification (RFID) is an 

automatic identification system that utilizes radio 

frequency waves to transfer data between a reader and a 

portable object called a tag or transponder. Currently, the 

usage of RFID systems is more widespread due to 

technological advancement of the modern life. Automatic 

identification systems become an important aspect in our 

daily life nowadays, imagine to lock/unlock doors/, to lift 

security check point like in the lifts of door to the lifts 

area, to park car at a condominium or office parking area, 

etc. We use RFID from within our cars to enter restricted 

areas, to pay tolls, etc., transportation systems, access 

points, in logistics systems, healthcare facility, in tracking 

and tracking applications.  

In general, an RFID tag consists of an antenna 

element, and an electronic Integrated-Circuit (IC) chip. 

Typically, the performance of RFID tag relies strongly on 

two main factors: antenna’s gain and impedance matching 

[1], [2]. The key performance of RFID depends on 

accurate impedance matching to prevent or lessen the 

bandwidth insufficiency and low gain characteristics[3]. 

Therefore, it is critical to acquire optimal dimension for 

the required accurate impedance measurement of an 

antenna design.  

Typically, in passive tags, the antenna converts 

the electromagnetic waves from the reader into power to 

supply the tag chip. Hence, a conjugate impedance 

matching between the antenna element and the tag chip is 

highly crucial to turn on the chip and maximize the 

effective read range. Therefore, designing a tag antenna 

that having effectively match between the antenna 

impedance with the chip impedance poses many 

challenges. To overcome this problem, the method of 

applying an inductively coupled structures as a feeding for 

tag antennas is one of the theoretical optimum solutions 

[4]. Thus, several inductively coupled designs were 

continuously performed on RFID tag designs. For 

instance, an inductively coupled loop RFID tag antenna 

printed on a PVC card for on-body applications was 

presented in [5]. However, its realized gain was about -5 

dBi at a center frequency of 915 MHz and its size 

measured at 85.5×54×0.76 mm
3
. In [6], [7], an U-shaped 

inductively coupled feed structure was presented to 

enhance the gain of RFID tag antennas. The peak gain of 

the proposed design was 2.5 dBi at its operating 

frequency. However, the size of the tag antenna was 

50×70×1.6 mm
3
. Next, few RFID tag antenna designs fed 

by an inductively coupled structures have been proposed 

in [8]–[10]for metallic objects application. Nevertheless, 

the common problem in designing is to have high 

inductive reactance without increasing the size, thus, 

miniaturizing is trending.  

Finally, an inductively coupled omega-shaped tag 

antenna was developed in [11] for RFID applications. The 

proposed feeding method was designed using U-shaped 

stepped-impedance resonators. It gives improved 

performance expectations in terms of antenna impedance, 

size, and gain. However, the size of the proposed tag 

antenna was 50×55.55×1.6 mm
3
 with a peak gain of 1.8 

dBi at the center frequency of 915 MHz. 

This work proposed a novel inductively coupled 

tag antenna for RFID applications to overcome the 

identified weakness of large sizes in previous RFID tag 

antenna designs. The main contribution is attributed to the 

use of folded SIR feeder with SRR radiating dipole arms 

to achieve overall performance improvement, without 

employing any complex technique. The proposed tag 
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antenna suggests an alternative way for miniaturization. It 

is achievable by integration both SIR and SSR to increase 

the capacitance of the antenna. Then, the antenna 

resonance is shifted to low frequency band to facilitate 

higher inductance at smaller sized tag antenna. The 

proposed design of tag antenna is simple, flexible, 

economical, and suitable to be applied for any type of 

RFID tag designs. 

 

METHODOLOGY 

 

Characteristics of the Proposed SIR Feed Structure 

The microstrip in designing microwave devices, 

the stepped-impedance resonators (SIRs) are widely used 

due to their harmonic control feature and reducible sizes. 

Moreover, previous studies [12], [13] indicate that the 

SIRs are tunable over a wide range of frequencies by the 

effect of the length ratio of the low-impedance to the high-

impedance sections. As illustrated in Figure-1, the 

structure of the half-wavelength (λg/2) microstrip SIR 

typically comprises of two transmission lines with 

differing distinctive impedances (a low-impedance section 

(Z2) and a high-impedance section (Z1)) and electrical 

lengths of θ1 and θ2[14].  

 

 
(a) 

 

 
(b) 

 

Figure-1. (a) Configuration of a half-wavelength folded 

SIR and (b) The proposed folded SIR inductively 

coupled feed structure. 

 

The key electrical parameter for properties 

characterization of the SIR is the impedance ratio (RZ), 

which is defined as follows [14]: 

 𝑅𝑍 = 𝑍2 𝑍1⁄                                                                            (1) 

 

This equation below allows researchers to 

investigate more on the conditions of the fundamental and 

the higher-order resonance frequencies of the SIR 

presented in Figure-1, irrespective of the effects of step 

discontinuities in the transmission line and the fringing 

fields at the open end via the input impedance (Zin) [14]:   

 𝑍𝑖𝑛 = 𝑗𝑍2 (𝑍1 𝑡𝑎𝑛𝜃1 + 𝑍2 𝑡𝑎𝑛𝜃2 𝑍2− 𝑍1𝑡𝑎𝑛𝜃1 𝑡𝑎𝑛𝜃2 )                                          (2) 

 

The fundamental resonance frequency (f0), which 

corresponds to electrical length θ0, is obtained when Zin → ∞ (Yin = 0) according to Equation 3 [14]: 

 𝑍2 − 𝑍1 𝑡𝑎𝑛(𝜃1) 𝑡𝑎𝑛(𝜃2) = 0,                                          (3) 

 

Then, 

 𝑡𝑎𝑛(𝜃1) 𝑡𝑎𝑛(𝜃2) = 𝑍2 𝑍1⁄ =  𝑅𝑍                                       (4) 

 

For the practical applications, it is assumed that 

θ1 = θ2 = θ0, thereupon: 

 𝜃0 = 𝑡𝑎𝑛  −1(√𝑅𝑍 )                                                           (5) 

 

The first spurious frequency (fs1), corresponding 

to the electrical length of θs1, is obtained when [14]: 
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𝑡𝑎𝑛(𝜃𝑠1) =  ∞                                                                         (6) 

 

Consequently, the value of fs1 can be calculated 

by dividing Equation (5) by Equation (6) and multiplying 

by f0[14]: 

 𝑓𝑠1𝑓0  =  𝜃𝑠1𝜃0 =  𝜋[2 𝑡𝑎𝑛−1(√𝑅𝑍)]                                                 (7) 

 

Equations (5) and (7) demonstrate the impedance 

ratio [RZ] that controls the fundamental and spurious 

frequencies. The lower the RZ, the more the distance 

between the spurious frequency and the fundamental 

frequency, and vice versa. Once RZ is reduced, the 

resonator length will be minimized. This reduction of the 

length of the resonator is beneficial in meeting the 

miniaturization demand of the industry. 

 

The Design of the Tag Antenna  

The final layout of the studied RFID tag antenna 

is graphically displayed in Figure-2. It consists of two 

folded SIR units used as a feeder and SSR structure for a 

radiating dipole body that both are deposited on the top 

surface of the substrate material as illustrated in Figure-2. 

Its feeding is based on two symmetrical folded SIR 

elements that are aimed to feed a radiating dipole by 

inductively coupled feeding technique. The opposite 

central point’s located at the heads of the two folded SIR 

structures are linked directly with the RFID chip, as shown 

in Figure-2. This proposed feeding procedure provides 

equivalent inductance in the radiating dipole antenna. 

Distance between the radiating dipole body and the folded 

SIR unit (S1) and the lengths (LZ1 and LZ2) and widths of 

the folded SIR units (WZ1 and WZ2) are the flexible 

controlling factors that govern the inductive coupling 

strength. 

The SSR radiating dipole was basically built on 

two concentric enclosed rings with splits in them at the 

opposite sides, and its dimensions were carefully specified 

to ensure perfect matching between tag antenna and the 

chip. The small space between the outer and inner rings 

affects the SRR structure to resonate larger wavelength 

than the diameters of these rings. These two factors found 

from observations via Equation (8) below produce high 

capacitive values that decreases the value of the resonance 

frequency: 

 𝑓0 = 12𝜋√𝐿𝐶                                                                          (8) 

 

In the meantime, the terminals of the IC chip 

directly connect the two opposing folded SIR units in the 

middle of the structure. The feeding communicates with 

the radiating dipole body of the tag antenna through 

mutual coupling. The design parameters of this tag 

antenna are summarized and listed in Table-1. The values 

given in Table-1 are the values that ensure the most 

optimal functionality of the proposed tag antenna in its 

UHF operation frequency band. Moreover, these values 

were carefully selected from the figures that had been 

obtained from the optimization of the simulation results. 

Based on the simulation results, the researchers conclude 

that the herein proposed antenna affects profound 

improvement in the overall performance of the tag 

antennas. 

 

 
 

Figure-2. Final configuration of the proposed tag antenna. 

 

Table-1. The design parameters of the proposed 

RFID tag antenna. 
 

 
 

The layout of the equivalent RLC circuit model of 

the proposed tag structure is presented in Figure-3. The 

inductive-coupling unit can be modelled as a transformer. 

The input impedance of the antenna, Zin, that is recorded at 

the terminals of the folded SIR is estimated as follows [4]: 

 𝑍𝑖𝑛 =  𝑅𝑖𝑛 + 𝑗𝑋𝑖𝑛 = (𝜔𝑀)2𝑍𝑎𝑛𝑡 + 𝑍𝑓𝑒𝑒𝑑                                   (9) 

 

where Zant is the impedance of the radiating dipole 

antenna, Zfeed is the impedance of the folded SIR feeds, 

and M is the inductance shared between the two. The value 

of Zfeed can be calculated using Equation (10):  

 𝑍𝑓𝑒𝑒𝑑 = 𝑗𝜔𝐿𝑓𝑒𝑒𝑑                                                                  (10) 

 

where Lfeed is the self-inductance of the folded SIR feed 

structure. At the resonance frequency of the radiating 

dipole antenna, where 𝜔 = 𝜔0, the impedance of this 

antenna is given by equation (11): 

 𝑍𝑖𝑛 =  [(𝜔0𝑀)2𝑍𝑎𝑛𝑡 ] + (𝑗𝜔0𝐿𝑓𝑒𝑒𝑑)                                        (11) 

 

Equation (11) confirms that the inductance of the 

folded SIR (Lfeed) specifies the input reactance, and that the 

mutual inductance of the transformer (M) dictates the 

resistance, irrespective of whether the radiating dipole 

antenna is operating at the resonance frequency or at any 

other frequency. Hence, reactance and resistance can be 
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adjusted independently. Therefore, the herein proposed 

feeding structure is an optimal, yet simple, solution that 

effectively matches antenna impedance with chip 

impedance. 

 

 
 

Figure-3. Equivalent RLC circuit model of the 

proposed structure. 

 

RESULTS AND DISCUSSIONS 

This research found a unique way to design tag 

antenna using a Murata RFID MAGICSTRAP 

LXMS31ACNA-011 tag chip [15]. Its input impedance of 

(25-j200) Ω at a resonance frequency of 915 MHz. The 
minimal operating threshold power of the tag IC chip's is 

8 dBm. It was etched on an epoxy FR4 substrate with a 

thickness of 1.6 mm, a loss tangent of 0.02 at dielectric 

constant of 4.4, which size measured only 44×44×1.6 

mm
3
. The structures and the resonance frequency were 

meticulously considered from optimizing simulations that 

matched the inductance with conjugate impedance of the 

selected chip. 

Figure-4 shows the comparisons among three 

different simulated antenna models in terms of return loss 

with different geometrical shapes after setting it to operate 

at the frequency of 915 MHz based on chip impedance 

lumped-element values of the geometrical parameters in 

Table-1. The simulations also compare antenna design 

with and without SSR, plus, with and without the folded 

SIR feed. The results presented in Figure-4 demonstrate 

that the antenna resonance is shifted to high frequency 

band without the usage of SRRs, which verified the 

concept of frequency shift due to this SRRs. That means it 

works better in terms of the return loss, which was better 

than -23 dB, than the other two designs. Consequently, it 

led to selecting the proposed design that offers the current 

engineering requirements of antenna design for RFID 

applications. 

 

 
 

Figure-4. Return loss results of tag antenna of three 

geometrical shapes. 

 

Figure-5exhibits the simulated distribution of the 

current along the metallic surface of the proposed tag 

antenna at its resonance frequency (915 MHz). This figure 

demonstrates that the current is distributed almost 

uniformly over the surface of the tag antenna from the 

feeding point to the SRR radiating dipole units. This 

behaviour is identical to that of an Omni-directional 

antenna. However, the current is more concentrated at the 

SRR arms in comparison to the other sections, which is 

mainly ascribed to the presence of the folded SIRs feed 

structure. Hence, a higher magnitude of current at the 

surface of the tag antenna yields better gain and higher 

magnetic field strength than a lower current. Its pattern of 

far-field radiation is shown in Figure-6. The figure 

illustrates its Omni-direction performance with an 

acceptable gain of nearly -1.4 dBi and a radiation 

efficiency of 58% at 915 MHz. The primary improvement 

is the enhanced performance yield from applying inductive 

coupled feed using the SRR and the folded SIRs. It 

increases inductance to the radiating dipole antenna in 

comparison with traditional feeding methods like the 

coupled open loop. The tag antenna is compactly designed 

and possesses good overall performance which makes it 

suitable for diverse applications. 

 

 
 

Figure-5. Surface current distribution at 915 MHz. 
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Figure-6. The pattern of far-field radiation at 915 MHz. 

 

A differential probe was employed to measure the 

characteristics of the proposed tag antenna including a 

symmetrical structure. It was originally developed by 

Palmer et al. [16]. This design connects two ports by 

utilizing a fixture with the metal shields of the semi-rigid 

coaxial cables soldered to build the virtual common 

ground. Experimental measurement of the free space was 

carried out in the room environment by using this 

differential probe linked with a Vector Network Analyzer 

(Anritsu 37347D model) at one end and soldered to the tag 

antenna from the other end. 

Figure-7 compares between the measured and 

simulated impedance values of the designed tag antenna 

where values were obtained after de-embedding the effect 

of the semi-rigid cables from the reflection and 

transmission coefficients that were measured at the Sub-

Miniature Version A (SMA) connectors by using the 

method presented in [16], [17]. This figure illustrates a 

slight difference in the design frequency of the resistance 

curves between the measured and simulated reactance 

values, which, in effect, agree well with one another. The 

slight differences observed among these values (Figure-7) 

can be attributed either to the soldered measurement 

probe, or any probable mismatch between the SMA 

connectors and feeding lines, or any potential defects in 

the fabrication of the standard printed circuit board (PCB). 

Additionally, Figure-7 discovers that the measured and 

simulated impedances at the center frequency of 915 MHz 

were (13.3 + j193.1) Ω and (24.48 + j200.4) Ω, 
respectively. From another point of view, the analysis of 

the present design followed the analyzing method of 

power reflection coefficient (PRC) described in [18]. Its 

simulated and measured PRC values at half-power 

bandwidth (HPBW) are shown in Figure-8. The HPBW 

values were determined based on the PRC <3 dB 

criterion. When simulated and measured at the center 

frequency of 915 and 920 MHz, the HPBW values were 

1.97% (908-926 MHz) and 3.8% (901-936 MHz), 

respectively. 

The maximum possible theoretical read range 

(rmax) of the proposed tag antenna can be computed using 

Friis free-space method [19]:  

 𝑟𝑚𝑎𝑥 = 𝜆4𝜋 √𝑃𝑡𝐺𝑡𝐺𝑟𝑃𝑡ℎ                                                             (12) 

 

where λ is the operating wavelength, Pt is 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 power up 

the chip.  

 

 
 

Figure-7. Measured and simulated impedance. 
 

 
 

Figure-8. Measured and simulated PRC. 

 

The highest theoretical reading range of the 

proposed antenna was calculated using Equation (12) was 

3.53 m. To verify the match of the actual reading range 

with this theoretical value, the measurements were 

performed with the reader’s output power set at 30 dBm, 

which corresponds to a total transmitted power of nearly 

4.0 W equivalent isotropic radiated power (EIRP). With 

the ATid (AT-870) hand-held reader, the reading range 

measured was 3.18 m, which is approximately 10% lower 

than the maximum theoretical reading range. This 

difference between the calculated (theoretical) and 

measured (actual) reading ranges is mainly due to the 
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constant that the measurements were taken in the normal 

room environment.  

In order to further prove 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 reading range gain, 

and antenna size. The outputs of comparisons (Table-2) 

reveal that the size of the proposed tag antenna has 

reduced significantly. In comparison with up-to-date tag 

antennas presented in[11], [20]-[22], the tag antenna 

proposed in this work is smaller, corresponding to nearly 

30%, 22%, 31%, and 85%, respectively. Moreover, its 

reading range found longer than those in [22], with a 

highly improved radiation efficiency. Therefore, this 

design offers an attractive solution for the RFID 

applications that require compact antennas at such longer 

reading range with good performance in terms of the 

radiation efficiency and gain only, at a lower cost. 

 

Table-2. The proposed RFID tag antenna compared to recently developed work. 
 

Reference 
Chip Impedance 

(Ω) at 915 MHz 
Size (mm

3
) Gain (dBi) 

Reading Range 

(m) 

[11] 25-j200 50×55.55×1.6 1.8 5.1 

[20] 20.74 − j180.98 50×50×1.52 2.23 13.3 

[21] 12.2 – j120 88×32×1.6 -7.8 6.4 

[22] - 116×116×1.6 3.4 2.3 

Proposed 25-j200 44×44×1.6 -1.4 3.18 

 

CONCLUSIONS 
This write-up reports proposed RFID tag antenna 

designed with folded SIR inductively coupled structure 

feeder. It helps to provide more suitable flexible matching 

between the chip and the tag antenna in controlling the 

strength of the inductive coupling. Plus, it empirically 

promises better impedance matching between the tag 

antennas and any other types of RFID tag chips as proven 

by its analysis. The SSRs method was employed for the 

radiating dipole body to increase the capacitive inductance 

of the tag antenna. Finally, its auto-resonating frequency 

shifts towards low frequency, which theoretically allows 

shrinking RFID tag antenna into smaller size was really 

proven to work so after being designed, simulated, 

fabricated, and tested. Conclusively, the experimental 

result showed that it has maximum read range of 3.18 m in 

free air with 4.0 W EIRP RFID reader radiation power at 

the size of the 44×44×1.6 mm
3
. So, both the simulated and 

measured results yield good agreement and attractive 

solutions to serve the various possible applications of the 

RFID systems. 
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