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Abstract—The recent research and development of the antennas 
based on metamaterial structures such as zero-phase-shift line, 
composite left/right-handed, zero-index, mushroom, and high 
permittivity periodic structures, are discussed. The selected 
antennas fabricated onto the print circuit board (PCB) or low 
temperature co-fired ceramic (LTCC) substrate operating from 
900 MHz to 60 GHz are exemplified. The engineering 
implementations here have shown the evidence that the 
metamaterials-based antenna technologies are capable of greatly 
innovating new and powerful antenna designs.  

I. INTRODUCTION 

Metamaterials are engineered media whose electromagnetic 
responses are different from those of their constituent 
components. They are often generated by incorporating in a 
periodic manner with various types of artificially fabricated, 
extrinsic, low dimensional inhomogeneities in some 
background substrate. Metamaterials have proven to exhibit 
unique electromagnetic characteristics that do not occur in 
natural materials [1]. Therefore, the metamaterials definitely 
offer great opportunities for engineers to create a novel 
structure with unconventional properties incorporated in 
antenna systems to enhance their performances. 

However, the exciting scientific progress in metamaterials 
has yet created the expected impact on electromagnetic 
engineering so far. It is still challenging to apply the 
metamaterials-based technologies for enhancing the 
performance of antennas in terms of bandwidth, gain, radiation 
patterns, and reducing the volume of the antennas because of 
the critical requirements such as low ohmic loss, wide 
operating bandwidth, simple structure, and so on in practical 
applications. By rethinking of how to apply the metamaterials 
in microwave applications, we have worked out a new strategy 
to translate the physical metamaterial concepts into 
engineering technologies, in particular, antenna designs [2].     

This paper updates the latest progress in the application of 
metamaterial concepts in antenna technologies through the 
selected metamaterials-based designs developed by the teams 
from Institute for Infocomm Research (I2R), A*star and 
National University of Singapore (NUS). The antennas 
operating from 900 MHz to 60 GHz are designed for various 
industrial applications such as radio frequency identification 
(RFID), wireless local area network (WLAN), and 60-GHZ 
backhaul connections.  

II. ZERO-PHASE-SHIFT LINE ANTENNAS 

 A. Near-field zero-phase-shift line loop antennas 

One of the challenges in ultra-high frequency (UHF) near-
field RFID applications is to design reader antenna with a large 
interrogation zone. The zero-phase-shift (ZPS) line structure is 
known to feature very little phase lag when current flows along 
it and therefore the ZPS line loop antenna is able to generate 
strong and uniform magnetic field over an electrically larger 
loop antenna. 

Fig. 1 exhibits three ZPS line antenna designs on FR4 
printed circuit board (PCB). Fig. 1(a) shows a ZPS single loop 
antenna with an overall size of 175×180×0.5 mm3 where the 
segmented line introduces additional capacitance by 
electromagnetic coupling. It achieves a large interrogation zone 
of 154×154 mm2 with good impedance matching and uniform 
magnetic field distribution over a bandwidth of 820 MHz–1050 
MHz [3]. The antenna is with a perimeter of 1.880 at 915 
MHz.  

The dual-loop configuration shown in Fig. 1(b) exhibits 10-
dB return loss over the frequency range of 845 MHz928 MHz 
and produces strong and uniform magnetic field with an 
interrogation zone of 250×250 mm2, where the perimeter of the 
larger ZPS line loop is 3.050 at 915 MHz [3]. The interdigital 
structure directly introduces the capacitance. 

Fig. 1(c) shows a ZPS line grid array antenna [4, 5], where 
the grid cell is constructed by the ZPS line loop. The antenna 
exhibits the impedance matching  with |S11|<-10 dB over the 
frequency range of 790 MHz1040 MHz and produces strong 
and uniform magnetic field over a rectangular interrogation 
zone of 308×150 mm2, namely, the perimeter of the array 
reaches 3.70 at 915 MHz.  

B. Horizontally polarized omnidirectional antenna and array 

Fig. 2 shows the horizontally polarized omnidirectional 
antennas using ZPS line loop as the radiators, which are 
applied in wireless mesh network. As mentioned above, the  
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Fig. 1. Zero-phase-shift (ZPS) line antennas for near-field RFID 
applications; (a) ZPS line single-loop antenna, (b) ZPS line dual-loop 
antenna, and (c) ZPS line grid array antenna.  



ZPS line loop is able to keep uniform current along the loop 
with a single direction and thus generates omnidirectional far-
field radiation. 

  Fig. 2(a) shows ZPS line loop antenna designed for 2.4-GHz 
WLAN applications [6], where the antenna printed onto an 
FR4 PCB (50×50×0.5 mm3) shows the desirable performance 
over the frequency range of 2.35 GHz2.55 GHz: the return 
loss of larger than 10-dB, the maximum gain of 2 dBi, and the 
omnidirectionality of ±2 dB.  

The 1×4 antenna array exhibited in Fig. 2(b) is with an 
overall size of 40×40×230 mm3 and the return loss larger than 
10 dB, the gain greater than 6 dBi, and the omnidirectionality 
of ± 2.3 dB from 2.35 GHz to 2.55 GHz [7].  Similarly, the 1×4 
antenna array (37×22×230 mm3) illustrated in Fig. 2(c) is able 
to operate at 5.1 GHz5.9 GHz with the |S11| less than -10 dB, 
the gain greater than 5 dBi, and the omnidirectionality of ±2.5 
dB [8]. 

 
 
 
 
 
 
 
 

 

 C. Circularly polarized omnidirectional antenna and array 

Fig. 3 demonstrates a ZPS line based circularly polarized 
omnidirectional antenna, where the dipole generates the 
vertically polarized omnidirectional radiation and the ZPS line 
loop antenna produces the horizontally polarized 
omnidirectional radiation. The combination of the dipole and 
ZPS line loop antenna with an adequate arrangement to 
provide a 90 phase difference between the currents on the 
orthogonal radiators and therefore produces a circularly 
polarized omnidirectional radiation. A patent pending four-
element array at 900 MHz shows a 10-dB return loss over a 
frequency range of 900 MHz935 MHz and 3-dB axial-ratio 
(AR) from 890 MHz to 930 MHz. At 915 MHz, the measured 
maximum AR of 1.53 dB, maximum gain of 5.4 dBic, and an 
omnidirectionality of ±1 dB are achieved.  

III. COMPOSITE RIGHT/LEFT-HANDED (CRLH) 
METAMATERIALS ANTENNAS 

A. Ultra-low-profile broadband antennas 

Mushroom structures have been widely studied as reflectors, 
for instance, acting as artificial magnetic surfaces right above 
a ground plane. Fig. 4(a) shows a dielectric-filled (εr = 3.38) 
mushroom antenna for 5-GHz WLAN application. With the 
open-ended CRLH metamaterial structure as the radiator, the 
first two positive resonant modes of the radiator are utilized to 
produce a dual-mode operation so that the broadband and high 
efficient radiation at boresight has been realized. For example, 
the antenna having a thickness of 0.06λ0 (λ0 is the centre 
operating wavelength in free space) exhibits a measured 
bandwidth (|S11| < −10 dB) of 25%, an average gain of 9.9 dBi, 
antenna efficiency of greater than 76% [9].  

As the extended application of mushroom-like radiators, the 
antenna shown in Fig. 4(b) is designed for 60-GHz backhaul 
connections. The 8×8 mushroom antenna array fabricated on a 
multilayered low-temperature co-fired ceramic (LTCC) has 
achieved the 10-dB return loss bandwidth of 56.3 GHz65.7 
GHz with the boresight gain greater than 21.2 dBi (the 
maximum boresight gain is 24.2 dBi at 62.3 GHz) [10]. With 
the use of the high-gain mushroom-like structure, the feeding 
network has been simplified so that the loss caused by the 
feeding network was reduced. 

  
B. Leaky-wave antennas 

In CRLH leaky wave antenna designs, the key design 
challenge is how to achieve the consistent gain over a wide 
scanning range. Fig. 5 shows the CRLH based leaky-wave 
antennas, where the antenna comprises a substrate integrated 
waveguide (SIW) with an array of the CRLH unit cells. The 
CRLH unit cell is formed by a slot cut on the upper ground of 
the SIW, and a parasitic patch beneath the slot.  

The CRLH antenna as shown in Fig. 5(a) exhibits the beam 
scanning angle range from -66 to 78 from 8.0 GHz to 13.0 
GHz with a consistent gain of 9.0 dBi [11]. The dual-array 
configuration illustrated in Fig. 5(b) features the boresight 
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Fig. 3. ZPL line based circularly polarized omnidirectional antenna. 
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Fig. 4. CRLH based ultra-low-profile broadband antennas, (a) mushroom 
antenna at 5 GHz, and (b) mushroom antenna array at 60 GHz 
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Fig. 5. CRLH based leak-wave antennas; (a) uniform array, (b) 
dual-array, and (c) tapered slot array. 
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 Fig.  2. Horizontally polarized omnidirectional antenna and array; (a) 
single element at 2.4 GHz, (b) 1×4 array at 2.4 GHz, and (c) 1×4 array at 5 
GHz. 



gain of 12.0 dBi with the variation of 1.0 dB over the 
frequency range from 8.775 GHz to 9.15 GHz or 4.2% [12]. 
The antenna shown in Fig. 5(c) consists of three sections with 
the varying slot lengths for unit cells [13]. The antenna is able 
to scan the beam from -72 to 75 over a frequency range of 
8.0 GHz–13.0 GHz with the gain greater than 9.0 dBi. 
Moreover, the boresight gain of the antenna is higher than 9.0 
dBi over a bandwidth of 4.7% (8.825 GHz–9.250 GHz). 

IV. ZERO-INDEX STRUCTUR 

The zero-index structures have proposed to control the 
electromagnetic waves like lenses. Fig. 6(a) exhibits a patch 
antenna where a zero-index structure is utilized as the 
superstrate/lens for gain enhancement [14]. The effective 
refractive index of the metamaterial structure for a normal 
wave incidence is close to zero from 9.45 GHz to 10.7 GHz. 
The waveform going through the zero-index layer becomes 
planar for high gain. The antenna with the proposed 
superstrate features the gain enhancement of up to 7.8 dBi at 
10 GHz compared with the original patch antenna. Fig. 6(b) 
demonstrates a 1×2 zero-index structure loaded antipodal 
tapered slot antenna array operating at 60-GHz bands [15]. 
The utilization of the zero-index structure in the slot of the 
antenna results in the gain enhancement of up to 2.6 dB within 
the frequency band of 57GHz66 GHz. 

V. OTHER STRUCTURES  

Moreover, other types of metamaterial-based antennas 
including artificial magnetic conductor loaded ultra-thin 
substrate-integrated Fabry-Perot cavity antenna [16], 
wideband shorting-wall loaded mushroom array antenna [17], 
wideband low profile antenna using anisotropic high-
permittivity structure [18], and so on have been developed. 
For brevity, these antennas are not discussed in details in this 
paper. 

V. CONCLUSION 

A number of metamaterial-based antennas have been 
developed by I2R/NUS and the industry collaborators for 
various applications, wherein PCB and LTCC processes have 
been applied to the antenna implementation from 900 MHz to 
60 GHz, respectively. In particular, some of the antennas have 
been licensed to industry partners and applied in wireless 
systems successfully. 

Furthermore, more metamaterial-based antenna technologies 
are being developed for broadband operations such as cellular 
base-stations with ultra-low profiles. The developed 

metamaterial-based technologies have clearly shown the huge 
potentials in innovative antenna design and electromagnetic 
wave control in industrial applications. 
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