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Abstract ─ An Evolved Negative permittivity 

(ENG) Zeroth-Order Resonance (ZOR) antenna 

with miniaturized size and ultra-low profile is 

presented in this paper. By adding parasitic patch 

and loading meander line in steps, the antenna 

ZOR operational frequency is decreased from 

5.084 GHz to 177.8685 MHz, while keeping the 

overall dimensions unchanged; which is 

equivalent to about twenty-eight times electrical 

size reduction based on the equivalent circuit 

models. Moreover, the proposed miniaturized 

antenna with omni-directional radiation 

performance is promising for the specific low-

power radio applications, such as short range 

remote control system and household security 

system.

Index Terms ─ Evolved negative permittivity, 
low-profile, miniaturization, zeroth-order 
resonance antenna. 

I. INTRODUCTION
With the ever increasing demand for compact 

wireless communication system, which includes 

mobile and Wireless Local Area Network 

(WLAN) systems, miniature antenna has gained 

significantly more attentions in recent years. In 

order to achieve antenna miniaturization, lots of 

effective techniques have been proposed since the 

fundamental limitations of miniature antennas 
were theoretically explored since 1940’s [1-2]. 
Hitherto, examples of antenna miniaturization 
techniques include using Genetic Algorithms 
(GA) method [3-4]; resorting to meander or 
Peano line [5-6], reactive/slot loading [7-12], 
negative permittivity (ENG)/negative
permeability (MNG) Metamaterial (MTM) shells 
[13-16] and left-handed Transmission Lines (TL) 
loadings [17]. Employing high dielectric constant 
[18], magneto-dielectric [19], Artificial Magnetic 
Conductor (AMC) [20] and MNG metamaterial 
[21] substrates; utilizing Split-Ring Resonator 
(SRR) structures [22-23] and applying the MTM 
TL approach. For particular interest, miniature 
antennas based on MTM TL approach have 
drawn much attention and were extensively 
reported for their unique performance resulting 
from the rich dispersion of MTM TL materials. 
Generally, these MTM TL based antennas could 
be classified into the following three categories: 
Composite Right/Left Handed (CRLH) antennas 
[24-26], MNG Zeroth-Order Resonance (ZOR) 
antennas [27] and ENG ZOR antennas [28-32]. 
All of these MTM TL antennas could function in 
ZOR mode, which is independent on its physical 
length. However, as is known, the overall 
configurations of the metamaterial unit are quite 
crucial for their performance, while satisfying the 
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demands in specific applications, such as 

radiation gain, bandwidth and miniaturization 

level. On one hand, in order to improve the 

radiation gain, a special MTM TL metamaterial 

with equilateral slots on ground plane, which 

makes the resonator store less electromagnetic 

energy in the zeroth-order mode, was reported in 

[25]. On the other hand, the bandwidth of the 

MTM TL antennas has been distinctly broadened 

with the aid of mushroom structure [29]. 

However, up to now, there was little literature to 

comprehensively discuss how to achieve the 

further electrical reduction of MTM TL based 

antenna.

In this paper, according to the equivalent 

circuit models, a miniature ENG ZOR antenna 

with the overall dimensions 0.00954λ0 × 

0.00954λ0 × 0.000475λ0 (where λ0 is the 

wavelength corresponding to the operational 

frequency f0 in free space) is successfully 

designed and manufactured, via an evolution of a 

traditional ENG ZOR antenna by following two 

effective steps: (1) additional capacitance was 

created by resorting to the virtual ground and (2) 

by etching meander-line, additional inductance 

and capacitance were obtained.

II. AN ENG ZOR ANTENNA DESIGN 
According to the literatures [28-32], a 

compact one-unit-cell ENG ZOR antenna was 

constructed and the topology is shown in Fig. 1. 

In this design, a substrate with the thickness of 

0.8 mm, relative dielectric constant εr=3.38 and 

loss tangent tanδ=0.0007 is selected. Considering 

the input resistance for these types of antennas is 

inherently much higher than the characteristic 

impedance of feed line [28-29], a feeding gap is 

employed so that the high input resistance could 

be reduced to match the 50 Ω characteristic 

impedance. The configuration was numerically 

simulated using Ansoft HFSS (a commercial 

electromagnetic solver based on finite element 

method) [33]. The results in Fig. 2 demonstrate 

that the proposed ENG antenna operates in the 

center of 5.084 GHz, which is corresponding to 

the overall dimensions of 0.273λ0 × 0.273λ0 × 

0.0136λ0. As has been proven in [28], for such 

ENG antenna, the ZOR mode resonance 

frequency serves as the lowest operational 

frequency.

(a)

(b)

Fig. 1. Proposed ENG ZOR antenna: (a) front 

view and (b) side view. The dimensions in mm 

are: L=16.08, W=16.08, L1=5.49, W1=2.18, 

g1=0.11, L2=10.48 and W2=3.

Fig. 2. Simulated reflection coefficients of ENG 

ZOR antenna.

Figure 3 gives the topology of equivalent 

circuit model for the proposed ENG ZOR antenna 
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based on [28-32]. In the model, C0 is the 

couplingcapacitance between patch and feed line. 

The part in the dot region of the model indicates 

one unit cell of ENG MTM TL. LR and CR are the 

inherent distributed inductance and capacitance 

for the traditional Right Handed (RH) TL, LLv is 

the shunt inductance provided by the grounded 

via and G is the conductance. The equivalent 

circuit parameters which are extracted from the 

simulation data for the unit cell (in Fig. 2) are: 

C0=0.0124pF, LR=78.75nH, G=1/(1.64×106)S, 

LLv=0.92nH, CR=1.06pF and Zin=50Ω, 

respectively. The zeroth-order resonance 

frequency of f0=1/(2 )
L R

L C�  is related to the 

size of rectangular patch and the length of via, 

which determine the values of CR and LL [28], 

respectively. Moreover, according to our 

simulation, it was found that the ground size has 

significant impact on the antenna radiation 

characteristics; especially the gain performance.

Fig. 3. Topology of the equivalent circuit for the 

traditional ENG ZOR antenna.

III. EVOLVED ENG ZOR ANTENNA 
DESIGN 

A. Parasitic patch loading technology
As the first step for the evolution of 

traditional ENG ZOR antenna, we resort to 

loading a parasitic patch near the radiating one. 

Figure 4 illustrates the design of ENG ZOR 

antenna. The other parameters keep the same as 

the traditional ENG ZOR antenna (shown in Fig. 

1). In the design, the meander line and parasitic 

patch are, respectively, added to accomplish 

shunt inductance and virtual ground capacitance 

[34].

  
(a)

(b)

Fig. 4. ENG ZOR antenna loaded with virtual 

ground: (a) front view and (b) side view. The 

dimensions in mm are: L=16.08, g2=0.1, W3=0.1 

and W4=0.2.

Here, the influence of the parasitic patch on 

the ZOR frequency has been numerically 

investigated, shown in Fig. 5. By changing the 

width of parasitic patch (W4), the operational 

frequency bandwidth, the resonance frequency 

position, the resonance strength of ENG ZOR 

antenna changed accordingly. Obviously, when 

the width goes larger, the ZOR operational 

frequency would shift lower. The reason is that 

the virtual ground capacitance is directly 

influenced by the position and dimension of 

parasitic patch [34]. Based on this principle, 

when the width alters from 2 mm to the maximum 

12.06 mm, the virtual ground capacitance goes 

larger, further leading ZOR operational frequency 
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to decrease from 1.9090 GHz to 0.9807 GHz. 

Meanwhile, its radiation impedance also varies 

with W4, making the antenna not match well with 

the characteristic impedance 50 Ω (especially 

when W4=12.06 mm), since the antenna is fed 

using capacitively coupling technology. 

Therefore, adjusting the gap width (i.e., coupling 

capacitance C0) between radiation patch and feed 

line, (g1) is implemented for accommodation.

Fig. 5. Simulated and measured reflection 

coefficients of ENG ZOR antennas with virtual 

ground (notation “S” and “M” indicate the 

simulated and measured results, respectively.)

And then, in order to validate the simulation 

results, the measurement (when W4=2 mm) is also 

carried out using AV3618 Vector Network 

Analyzer (VNA). As illustrated in Fig. 5, the 

measured results are generally in agreement with 

the simulation with an acceptable operational 

frequency drift (only 0.73% higher shifting). 

Meanwhile, the simulated and measured peak 

realized gains witness 0.91 dB difference, shown 

in Table 1. Also, it could be concluded from 

simulation results summarized in Table 1 that 

when the ZOR operational frequency decreases, 

the Q increases accordingly, which would result 

in a certain decrease of the antenna peak realized 

gain.

Table 1: Influence of width of parasitic patch on 
ZOR operating frequency and peak gain 
Width of 

Parasitic 

Patch W4 

(mm)

ZOR 

Operating 

Frequency 

(GHz)

The 

Corresponding 

Electric Length 

(λ0×λ0×λ0)

Peak 

Gain 

(dBi)

2 1.9090 (S) 

1.92 (M)

0.1028×0.1028×

0.00509 (S) 

0.1036×0.1036×

0.00513 (M)

-7.32 (S) 

-8.23 (M)

4 1.5324 0.0825×0.0825×

0.00409

-9.4358

6 1.2989 0.0699×0.0699×

0.00346

-10.90

12.06 0.9807 0.0528×0.0528×

0.00262

B. Meander line loading technology
Usually, meander-line designs were applied 

to produce both capacitance and inductance for 

wire antennas, which enable the antennas with 

much smaller electrical size [35-37]. At this step, 

the technique of etching periodic slots to design 

meander line on the ground is carried out to 

accomplish the ENG ZOR antenna further 

miniaturization. Figure 6 shows the evolved 

antenna design. As was already demonstrated in 

Table 1, the maximum width of parasitic patch 

(W4=12.06 mm) is selected to reach the lowest 

frequency, ensured by virtual ground 

capacitance. Here, the periodic thin meander line 

is constructed vertically below the parasitic patch 

in order to obtain the additional inductance and 

capacitance, hoping for further miniaturization.

(a)
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(b)

Fig. 6. The ENG ZOR antenna etched with 

meander line: (a) front view with the dimensions: 

W4=12.06 mm and (b) back view with the 

dimensions in mm: L3=2.8, W5=3.09, L4=10.05, 

W6=3, L5= 0.1, g3=0.28 and W7=12.94.

The simulation results from HFSS are 

described in Fig. 7. From this result, it is obvious 

that the operational frequency of proposed ENG 

ZOR antenna is successfully lowered from 

980.7200 MHz to 177.8685 MHz with good 

impedance matching (S11=-26.55 dB). 
Meanwhile, the peak realized gain drops (with the 

maximum -29.97 dBi at the operational 

frequency center). It is reasonable that the ZOR 

operational frequency is lowered dramatically at 

the expense of narrow bandwidth and low gain 

[37].
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Fig. 7. Simulated reflection coefficients and peak 

gain of ENG ZOR antennas with meander line.

In order to further investigate the radiation 

performance, the HFSS simulated gain patterns in 

the far field are shown in Fig. 8. Generally, the 

pattern resembles that of a monopole; nearly 

omni-directional in the Z-X plane and bi-

directional in the Z -Y plane.
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Fig. 8. Simulated gain pattern of ENG ZOR 

antennas with meander line at lowest operational 

frequency center 177.8685 MHz: (a) in Z-X plane 

and (b) in Z-Y plane.

Furthermore, the effect of meander line (at 

the bottom of the substrate) has been analyzed in 

Fig. 9. When the antenna operates at ZOR 

frequency, the majority of current concentrates on 

the meander line, indicating its significant 

contribution on radiation performances. In 

details, two amplified current distribution images 
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(I) and (II) were presented to explain the physical 

mechanism of Figs. 7 and 8. From the middle part 

in image (I), the transverse currents polarized 

along the x-direction on the meander line. On the 

whole, as their effect on the far-field radiation 

pattern can be counteracted, due to the opposite-

phase polarizations of the nearby sections, it 

would give little contribution to the far-field 

radiation power [36, 37]. Meanwhile, at the edge 

of meander line in image (II), the currents on the 

sections, which are in parallel with y-direction, 

exhibit the almost in-phase polarizations of 

nearby sections along the y-direction [37]. 

Likewise, the sum of all of the sections (in the y-

direction) act as a continuous line source located 

along y-direction, which thus, contribute bi-

directionally in the Z-Y plane and nearly omni-

directional radiation pattern in the Z-X plane. 

Above analysis of the phenomenon presents the 

reason for the simulation results in Fig. 8.

Fig. 9. Current distributions on the meander line 

of the evolved ENG ZOR antennas.

In the same way as Fig. 3, a topology of 

equivalent circuit model for the evolved ENG 

ZOR is shown in Fig. 10. In the similar behavior, 

0
C �  indicates the coupling capacitance between 

patch and feed line in the model, the part in the 

dot region of the model presents one unit cell of 

evolved ENG MTL transmission line; 
R

L �  and 
R

C �

are the distributed inductance (including 

meander-line inductance) and capacitance 

(including meander-line capacitance and the 

capacitance between meander-line and parasitic 

patch) for the traditional Right Handed (RH) TL, 

LV
L� is the shunt inductance provided by the 

grounded via and G�  is the radiation 

conductance. Moreover, 
Lg

L  and 
g

C  represent the 

shunt inductance provided by the meander line in 

the middle of two patches and the capacitance 

provided by virtual ground, respectively. Finally, 

the equivalent circuit parameters extracted from 

the simulation data of the unit cell (in Fig. 6) are:

0
C � =0.0124pF, 

R
L � =64591.4nH, 

LV
L� =373.31nH, 

R
C � =63.56pF, 

Lg
L =39.7176nH, 

g
C =34.377pF, G�

=1/(6.62 108)S and inZ =50Ω, respectively.

Fig. 10. The equivalent circuit model for the 

evolved ENG ZOR antenna.

Based on literatures [28, 34], the 

corresponding ZOR frequency of our proposed 

antenna is determined by the following equation:
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From equation (1) and above analysis for each 

component parameters, it can be concluded that

0f
�  is related to the sizes of radiating and parasitic 

patches, the dimensions of meander lines and the 

length of via. In other words, while the overall 

dimensions of the antenna remain the same, the 

position of 0f
� could be easily adjusted in a very 

large frequency region (from 177.8685 MHz to 

5.084 GHz) by changing certain components in 

suitable dimensions.

IV. MEASUREMENT 
Furthermore, the miniaturized antenna has 

been constructed and fabricated and the 

(I)

(II)
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measurement has been implemented to validate 

the simulation and equivalent circuit results, as 

shown in Fig. 11. Figure 12 shows the measured 

reflection coefficient of evolved ENG ZOR 

antenna. Obviously, the measured ZOR antenna 

operates at 179.48 MHz that is a little higher (~ 2 

MHz shift) than that of simulation and also shows 

a good impedance match (S11=-14.75 dB). It 

deserves to mention that these considerable 

discrepancies for such miniature antenna could be 

tolerable as well [12]. In addition, we note that 

since the peak gain of this type antenna is quite 

low (~-30 dBi), the Signal to Noise Ratio (SNR) in 

the measurement carried out in our current anechoic 

chamber should be very low, which the 

measurement setup could not reflect its radiation 
performance characteristics accurately. Thus, the 

measured radiation performances of proposed 
antenna were not reported here.

(a)

(b)

Fig. 11. Photograph of the fabricated evolved 

ENG ZOR antenna: (a) front view and (b) back 

view.

Fig. 12. Measured and simulated reflection 

coefficients of evolved ENG ZOR antenna.

V. CONCLUSION 
An evolved ENG ZOR patch antenna with 

miniaturized size and ultra-low profile is 

proposed in this paper. With the aid of equivalent 

circuit models, the ZOR operational frequency 

could drop from 5.084 GHz to 177.8685 MHz by 

modifying an ordinary ENG ZOR by steps. The 

radiation performance with miniaturized size 

enables it applicable for the specified low-power 

radio applications, such as short range remote 

control system, household security system and so 

on. As a future work, benefiting from so wide 

tunable frequency range for such miniature 

antenna design, DC-bias diode is planned to be 

implemented into such antenna design to obtain 

wideband frequency-agile function [38] and the 

possibility is now under consideration.
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