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Abstract—The design of electrically large loop-type antennas 

for ultra-high frequency (UHF) near-field radio frequency 

identification (RFID) readers is a challenge due to the inherent 

limitation of loop type antennas. This paper reviews the 

development of the zero-phase-shift-line (ZPSL) loop antennas for 

UHF near-field RFID systems. First, the state-of-the-art ZPSL 

loop antennas are briefed and then the modelling of the ZPSL 

structures is introduced. After that, some typical electrically large 

ZPSL loop antennas for UHF near-field RFID readers are 

demonstrated, including single-loop antenna, dual-loop antenna, 

grid loop array antenna, and artificial magnetic conductor (AMC) 

backed directional loop antenna. All the patentable works have 

been applied for industry applications. 

 
Index Terms—radio frequency identification, 

zero-phase-shift-line, metamaterials, artificial magnetic 

conductor, segmented line, loop antenna, directional antenna, 

near-field antenna. 

 

I. INTRODUCTION 

 

ETAMATERIALS refer to the artificial structures 

engineered for unique electromagnetic properties which 

have never been found in their natural constituent materials so 

far. The structures are usually composed of arrays of 

sub-wavelength unit cells with resonant or non-resonant 

structures and configured in three, two, or one-dimensional 

way. For example, the effective permittivity and permeability 

of the artificial structures can be negative and even double 

negative. In other words, the effective permittivity and 

permeability can range from  ~ +, including zero [1].  

Antenna has been well known as one of the most classic 

components in modern wireless systems for transmitting and 

receiving radio signals. All the antennas are designed using 

metallic or dielectric materials and the performance of the 
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antennas is strongly dependent on the electrical properties of 

the materials.  The unique characteristics of the metamaterials 

definitely offer the great opportunities to control 

electromagnetic fields and waves in totally new ways, and 

therefore to design metamaterial-based antennas with enhanced 

performance for meeting the needs of fast-developing 

applications. 

Two types of metamaterial transmission line, namely, the 

composite right/left-handed transmission lines (CRLH-TLs) 

and zero-phase-shift-line (ZPSL) have been proposed. The 

CRLH-TLs has been widely applied in the design of microwave 

transmission-line based devices and leaky wave antennas [2-4]. 

The ZPSL is a one-dimensional groundless periodic structure 

for designing antennas. The ZPSL can be constructed using 

conducting line/strip with lumped/printed capacitors or 

electromagnetically coupled strips [5-11]. The unique 

characteristic of the ZPSL is that the electric current flowing 

along the line features very small phase lag and no phase 

reversion even for an electrically long path, which makes it 

desired for designing electrically large loop antennas to achieve 

the specific performance that has never been attained with 

conventional transmission lines.  

On the other hand, the radio-frequency identification 

(RFID), an automatic wireless sensing technology, is expected 

to play a more important role in applications of Internet of 

Things (IoT). The operation of RFID can be in either a far-field 

or near-field mode. The former communicates through 

radiation to detect the variation of the radar cross-section of the 

tag antennas while the latter via inductive coupling to detect the 

loading variation of the tag coils. In a near-field RFID system, 

usually many tags need to be detected simultaneously, in 

particular at ultra-high frequency (UHF), where the high speed 

system has such a fast-reading capability. However, at the 

UHF, typically 900MHz bands, the operating wavelength 

becomes smaller compared with the high frequency (HF) at 

13.56 MHz. The physical size of a loop antenna with strong 

magnetic field intensity and uniform field distribution is too 

small (the diameter of such a loop antenna is about 53 mm at 

900 MHz) for practical applications, especially for high speed 

reading in UHF RFID systems. Thus it is a challenge to design 

electrically large loop antenna with strong and uniformly 

distributed magnetic field. In the past decade, the ZPSL has 

been intensively investigated to provide the most effective 
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solution to such a challenge in practical industry applications.        

This paper reviews the development of the ZPSL antenna 

technologies for UHF near-field RFID readers. The state-of 

the-art ZPSL loop antennas are briefed in Section II. The 

modelling of the ZPSL structures is introduced in Section III. 

The selected design examples are demonstrated in Section IV 

following with the conclusions given in Section V.   

 

II. STATE-OF-THE-ART ZPSL LOOP ANTENNAS 

 

The ZPSL can be attained with varying capacitive, 

electromagnetically coupled structures and their hybrids as 

shown in Fig.1 [12]. Fig. 1(a) shows the strip line loaded by a 

lumped capacitor. Fig.1(b) is the line inserted with inter-digital 

capacitors. The electromagnetic coupling between the strips 

introduces the capacitance and inductance simultaneously as 

shown in Fig.1(c). Essentially, the capacitive loadings are 

introduced along the line in a distributive or lumped way to 

suppress the phase lag of electric current along the line by 

compensating for the inductance along the line as shown in 

Fig.1(d). The L is the characteristic inductance of the line and R 

indicates both radiation resistance and RF ohmic losses caused 

by the materials of the line. C’ and L’ are introduced by the 

lumped capacitor, electromagnetic coupling, or their hybrids.    

 

 

L+L’ C’ R

(a)

(d)

(c)

(b)

capacitor

Interdigital capacitor

strips

 
Fig.1.The configurations of ZPSLs and equivalent circuit. (a) Loaded by a 

lumped capacitor. (b) Loaded by an inter-digital capacitor. (c) Loaded by 

electromagnetically coupled strips. (d) The equivalent circuit of the loaded 

lines. 

 

Dobkin et al. first presented the ZPSL loop antenna that is 

named as the segmented loop antenna, consisting of a number 

of ZPSL sections each loaded by a series lumped capacitor [5]. 

Oliver proposed broken lines to replace the lumped capacitors 

to make the fabrication much easier [6]. Naturally, a variety of 

capacitors based on the printed circuit technology have been 

proposed for ZPSL designs [7-14]. A single ZPSL loop antenna 

is able to offer a much larger interrogation zone with a 

perimeter up to  20 at 900 MHz,  which is almost four times 

that of a solid-line loop antenna [7-11].  

Furthermore, the theoretical study and engineering designs 

have shown the limitation of a single ZPSL loop for even larger 

interrogation zone with the perimeter up to, for instance, four 

operating wavelengths. Instead, multi-loop configurations have 

been reported for further enlarged interrogation zone, including 

a ZPSL dual-loop [13], a ZPSL grid loop array [14], and an 

artificial magnetic conductor (AMC) backed directional ZPSL 

grid loop array [15]. 

Besides generating strong and uniform magnetic field for 

near-field RFID applications, the ZPSL loop antennas have also 

been applied in the development of horizontally polarized 

omnidirectional antennas and circularly polarized 

omnidirectional antenna for access points of wireless local area 

networks (WLANs) [16-18]. 

 

III. MODELING OF THE ZERO-PHASE-SHIFT-LINE STRUCTURE  

 

 The ZPSL is a single-line structure similar to a planar 

Sommerfeld-Goubau line [19] that is perturbed with 

discontinuities periodically. The periodic unit cells of the ZPSL 

are typically much smaller than the operational wavelength, 

satisfying the metamaterial limit, and therefore the 

transmission-line approach [20] for metamaterials can be 

applied to model and analyse the ZPSL structures. Since one of 

the most important properties of the ZPSL is the small phase 

lag encountered by the current flowing along the line, it is 

necessary to characterize the structures based on the dispersion 

characteristics. With accurate dispersion information, the upper 

size limit of the ZPSL loop antennas can be identified, and the 

design process can be eased. 

0.2535 λ0 

          

0.075 λ0 
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0.015 λ0 0.015 λ0  
(a)                                                            (b) 

Fig. 2. The configurations of (a) a ZPSL-based loop; (b) the unit cell of the 

loop (λ0 is the free-space wavelength at 900 MHz). 

 

 To analyze the dispersion behaviors of the ZPSL under the 

commonly applied boundary conditions, i.e. within the loop 

configuration, a novel approach has been developed [21]. The 

dispersive characteristics of the ZPSL are studied with loop 

structures by using CST microwave studio. Fig. 2(a) shows a 

typical ZPSL loop, whose unit cell is formed by dashed lines 

that are electromagnetically coupled as shown in Fig. 2(b). The 

approach to finding the dispersion characteristics of the ZPSL 

is based on the fact that we could always observe the current 

reversal on a loop at a particular frequency, and the guided 

wavelength can be found at this frequency as twice the 

perimeter of the loop. To obtain the dispersion characteristics at 

different frequencies, the perimeter of the loop can be varied by 

adding different numbers of unit cells.  
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Fig. 3 Dispersion characteristics of the ZPSL structure and a solid-line 

structure. 

 

Fig. 3 shows the obtained dispersion characteristics. The 

solid-line loop is formed by a strip with a thickness of 1mm, 

and the length of the unit cells is 50 mm, which is the same as 

that of the ZPSL loop. It can be observed that the ZPSL 

structure exhibits a non-linear dispersion curve, while the 

solid-line structure has a relatively linear dispersion line in the 

shown frequency range. The light line with  = 0 shows the 

dispersion characteristics of light in the free space. To the left 

of the light line, the phase constants are smaller than 0 at any 

single frequency, and therefore it is considered as a region with 

small phase constants. The ZPSL structure has the dispersion 

curve completely in the small phase region, while the 

dispersion curve of the solid-line structure is at the right side of 

the light line. This explains the reason that the ZPSL loop 

antenna is able to achieve a much larger interrogation zone than 

a conventional solid-line loop antenna. As observed in Fig. 3, 

the ZPSL structure always has a smaller phase constant than 

that of the solid-line structure at each single frequency, and 

therefore the ZPSL loop is able to achieve an in-phase current 

flowing on a much larger perimeter than that of the solid-line 

loop. Fig. 3 also plots three phase constant lines, which divide 

the graph into regions with different ranges of phase constants. 

The phase constant lines serve to identify the upper size limit of 

the loop that is with an in-phase current. For example, for the 

dispersion curves that are located to the right hand side of the 

phase constant line  = 0/6, the largest perimeter that the loops 

can achieve with an in-phase current is less than 3λ0, where λ0 is 

the free-space operating wavelength. With the aid of the phase 

constant lines, it is easier to identify the upper size limit of a 

ZPSL loop, and the information can then be applied in the 

design of either near- or far-field ZPSL loop antennas. 

 

IV. DESIGN EXAMPLES 

 

A. ZPSL single-loop antenna [10] 

 

Fig. 4 shows a ZPSL single-loop antenna with coupled line 

ZPSL cells. The antenna is designed by using FR4 substrate 

with an overall size of 175 × 180 × 0.5 mm
3
, achieving an 

interrogation zone of 154 × 154 mm
2
. The antenna prototype 

exhibits uniform magnetic field distribution from 820 MHz to 

1050 MHz.  

Fig. 5 compares the magnetic field distributions of the ZPSL 

loop antenna along the x- and y-axes, with those of a 

conventional solid-line loop antenna with an identical size. The 

ZPSL loop antenna generates a much stronger and more even 

magnetic field distribution with a variation of 3 dB over the 

major portion of the interrogation zone (65 mm  x  65 mm), 

while the solid-line loop antenna suffers a variation of more 

than 20 dB over the same region. Using a measurement set-up 

as shown in the inset of Fig. 6, the antennas are used as a RFID 

reader antenna to validate the performance for tag detection. 

With an Impinj Speedway reader (30-dBm output), the Impinj 

button type tags (J21, 8 mm in diameter) can be fully detected 

up to a distance of 24 mm. For comparison, the solid-line loop 

antenna with the same size is unable to achieve a 100% reading 

rate even if the tags are positioned on the surface of the antenna.  

 

 
 

(a) 

 
 

(b)             

Fig. 4. The ZPSL single-loop antenna with coupled line unit cells. (a) Antenna 

configuration. (b) Antenna prototype. 
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(a) 

 
(b) 

Fig. 5. Simulated magnetic field distribution of the ZPSL single-loop 

antenna and the conventional solid-line loop antenna (915 MHz, z = 0.5 mm). 

(a) X-axis variation. (b) Y-axis variation. 

 

 
 

Fig. 6. Reading rate against reading range of the ZPSL single-loop antenna 
and the solid-line single-loop antenna.  

 

B.  ZPSL dual-loop antenna [13] 

 

Fig. 7 shows a ZPSL dual-loop antenna with an enlarged 

interrogation zone. The antenna comprises a main loop and a 

parasitic loop. The   parasitic loop is positioned in the center of 

the main loop to enhance the magnetic field intensity there. The 

magnetic field in the central portion enclosed by the parasitic 

loop results from the superposition of the magnetic fields 

generated by the main loop and the parasitic loop, and therefore 

the antenna is able to produce a strong and uniform magnetic 

field distribution over an interrogation zone with a perimeter up 

to 3λ0. The antenna prototype shown in Fig. 7(b) is designed on 

an FR4 printed circuit board (PCB) (thickness of 0.5 mm, r = 

4.4, and tan = 0.02). It is with an internal area of 250 mm × 

250 mm
2,
 and a perimeter of 1000 mm or about three 

wavelengths at 915 MHz.  

 

 
(a) 

 

 
 

(b) 

Fig. 7 ZPSL dual-loop antenna. (a) Antenna configuration. (b) Antenna 
prototype.  

 

Fig. 8 compares the simulated two-dimensional (2-D) 

magnetic field distributions of the ZPSL dual-loop antenna and 

the ZPSL single-loop with the same perimeter of 3λ0 at 915 

MHz. With the enlarged interrogation zone, the ZPSL 

single-loop is unable to achieve a uniform magnetic field 

distribution, and the magnetic field intensity at the central 

portion of the antenna is much weaker than that of its outer 

portions. Instead, the ZPSL dual-loop antenna generates a 

much enhanced magnetic field intensity, in particular, at the 

center portion of the antenna, and therefore improves the 

uniformity of the field distribution significantly. Used as a UHF 

near-field RFID reader with the set-up shown in the inset of Fig. 

9 (Impinj Speedway reader with 30-dBm output, 80 J12 tags), 

the ZPSL dual-loop antenna is able to detect 100% of the tags 

up to a distance of 19 mm.  
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(a)                                                 (b) 

Fig. 8. Simulated 2-D magnetic field distribution (|Hz|) at 915 MHz (z = 

0.5mm). (a) ZPSL dual-loop antenna. (b) ZPSL single-loop.  

 

  
 

Fig. 9. The RFID tag reading rate against range.  

 

C.  ZPSL grid loop array antenna [14] 

 

ZPSL grid loop array antenna is another solution to achieve 

an enlarged interrogation zone with an enhanced magnetic field 

intensity. Fig. 10(a) shows the configuration of a 1 × 2 ZPSL 

grid loop array antenna design. The antenna is composed of two 

ZPSL loops with a total length of 0.94λ0 and a width of 0.46λ0 

(λ0 is the free space wavelength at 915 MHz).  The perimeter of 

the interrogation zone is 3λ0. The antenna prototype shown in 

Fig. 10(b) is designed on a 0.5 mm thick FR4 PCB. Fig. 10(c) 

exhibits the uniformly distributed and strong magnetic field of 

the antenna. The antenna prototype is able to fully detect RFID 

tags up to a distance of 13.5 mm (Impinj Speedway reader with 

30-dBm output and J12 tags), as shown in Fig. 10(d).   

 

 
 

(a) 

 
(b) 

 

 

 
(c) 

 
(d) 

 
Fig.10. 1× 2 grid ZPSL loop array antenna. (a) Antenna configuration. (b) 
Antenna prototype. (c) Simulated 2-D magnetic field distribution (|Hz|) at 915 

MHz (z = 0.5 mm). (d) RFID tag reading rate against range. 

 

D. Artificial magnetic conductor (AMC) backed directional 

ZPSL loop antenna [15] 

 

The basic loop-type antenna is with bi-directionally 

distributed magnetic field, which causes interference and 

degrades the detection accuracy of a RFID system. A ZPSL 

loop antenna with a directional magnetic field distribution is 

preferred in practical applications. The conventional solution 

for achieving directional field distributions is to add a metallic 

reflector [10]. However, the eddy currents on such a metallic 

reflector tend to disturb the magnetic field distribution and 

weaken the magnetic field intensity in the near-field region 

especially when the reflector is placed electrically close to the 

loop antenna.  

The artificial magnetic conductor (AMC) is known for the 

characteristic of zero reflection phase of the incident 

electromagnetic wave, and it has been widely applied as a 

reflector to design low-profile directional antennas. Fig. 11 

demonstrates an AMC-backed directional ZPSL loop antenna 

with a perimeter of 2.44λ0 at 915 MHz. The 1 × 2 ZPSL grid 
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loop array is composed of two rectangular ZPSL loops with 

same length while different width for enhancing the uniformity 

of the magnetic field distribution, especially in the region that is 

far away from the feeding point. As shown in Fig. 11(b), the 

AMC structure is printed onto a 0.8128 mm thick FR4 PCB and 

positioned right below the ZPSL loop with a 5 mm distance. A 

metallic plate is positioned 10 mm away from the AMC 

structure.   

As shown in Fig. 12, the square AMC reflector consists of 

100 AMC unit cells and a metallic ground plate. Each AMC 

unit cell comprises four spiral branches. The symmetric 

structure ensures the same reflection phase response in the x- 

and y-directions. Such intertwined spiral configuration exhibits 

wideband AMC properties with a small unit cell size of 25.5 × 

25.5 mm. The air layer between the AMC cells and the ground 

is to enhance the bandwidth of the AMC reflector.  

 
(a) 

 
(b) 

 

 
(c) 

 
Fig. 11. AMC-backed directional ZPSL grid loop array antenna. (a) Top view. 
(b) Side view. (c)Antenna prototype.   

 

 
 
Fig. 12. AMC reflector configuration. (a) Square AMC with 10 × 10 unit cells. 

(b) Top view of the AMC unit cell. (c) Side view of the AMC unit cell (unit: 
mm).  

 

Fig. 13(a) compares the measured magnetic field 

distributions of the grid loop antennas at the center of the loops 

along the z-axis at 915 MHz. The AMC backed directional grid 

loop antenna exhibits an enhanced magnetic field in the 

positive z-direction, and the magnetic field intensity is reduced 

significantly beneath the ground plane in the negative 

z-direction; whereas the ZPSL grid loop produces a 

bidirectional distribution. Fig. 13(b) shows the tag reading rate 

of the ZPSL loop antennas used as the RFID reader antenna, 

wherein all the antennas are with identical interrogation zone. 

The AMC backed directional ZPSL grid loop antenna 

demonstrates the superior performance with a 100% reading 

rate up to a distance of 90 mm. In contrast, the ZPSL grid loop 

antenna achieves a reading distance of only 20 mm for 100% 

tag detection, and the solid-line loop antenna can never achieve 

100% reading rate even if the tags are placed on the surface of 

the antenna. 

 
(a) 
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(b) 

Fig. 13. (a) Measured magnetic field distributions at the center of the 
antenna along the z-axis at f = 915 MHz. (b) Measured reading rate against the 

reading range of the antennas. 

 

V. CONCLUSION 

The metamaterial-based ZPSL structures have exhibited 

unique dispersion characteristic which enables the current 

flowing along it to encounter a very small phase lag. This paper 

has outlined the ZSPL configurations and the dispersion 

characteristic analysis. A number of ZPSL loop antenna 

designs have been exemplified for UHF near-field RFID 

readers. The relevant discussions are believed to benefit the 

antenna researchers, engineers, and students for further 

understanding of the ZPSL structure and the development of 

new ZPSL based antennas. 
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