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ABSTRACT 

This paper proposes a novel uni-planar dual-band antenna using Composite Right Left 
Handed (CRLH) transmission line (CRLH-TL). Proposed antenna is designed based on the 
fringing effects of metamaterials and combined with coplanar waveguide (CPW) feeding in 
order to create two frequency bands for WLAN applications at the 2.4 and 5.5 GHz bands. 
Principle of gradual transform is applied to the antenna for extending the resonance frequency 
ranges. Optimized metamaterial antenna are fabricated and measured. Measurement results 
showed that the antenna operates in two broad frequency ranges spreading from 1.8 to 3.62 GHz 
and from 4.85 to 7.52 GHz with very compact overall dimensions of 18 mm × 16 mm (0.147 λ0 
× 0.13λ0). 

Keywords: metamaterial transmission line, monopole antenna, fringing effect. 

1. INTRODUCTION 

Recently, wireless communication systems have rapidly growing with the requirements of 
compact electronic devices. Therefore, the antenna device also must be small in size, lightweight 
and easy to fabricate. Normally, antenna size is always inversely proportional to its operating 
frequency. Such that, the size of the antenna will be enlarged at low frequency bands. For what 
concerns of tackling this issue, there have been many techniques proposed to reduce the size of 
antennas [1 - 10]. The transmission line metamaterials (TL-MM) [1] have been employed to 
construct small resonant antennas [2, 3, 10, 11]. In [11], a metamaterial loading with metallic 
bridges was used to create a second resonant mode, which is lower than the first resonant mode 
created by the conventional patch. In [3], a monopole antenna was proposed based on composite 
right/left handed (CRLH) unit cell with metallic vias. This proposed antenna can be used in 
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GSM-900/WLAN/LTE-2500 applications. It is obvious that the participation of metallic bridge 
or vias will make the difficulty in fabrication and impact to the exactly of the experimental 
measurements. 

In [8], a dual-band CRLH antenna was proposed by etching a complementary split ring 
resonator (CSRR) on the surface of the patch to resonate at higher frequencies, while resonance 
at low frequency range was created by the T-shaped slot cut on the ground plane. Similarly, a 
coplanar waveguide (CPW) antenna was also designed by etching a CSRR structure on the 
patch, however, in order to resonate at lower frequency and slits on the coplanar ground plane 
for resonating at the high frequency band [9]. On the other hand, two inter-digital structures 
were implemented on the patch to formed dual band antenna [12]. In addition, CPW-fed 
antennas are designed based on metamaterial-inspired loading to achieve the compactness in size 
[7, 13, 14]. These antennas are designed in single-layered, vialess and can be easily fabricated at 
a low cost but their overall size are quite large. Moreover, slit rings are etched on the metallic 
surface of patch to construct the compact antennas [15 - 17]. These split rings introduce the 
higher resonant modes that are suitable for the multi-band antennas. 

With the aim of overcoming aforementioned drawbacks, in this paper, a monopole antenna 
is proposed by employing CRLH-TL and fringing effects of metamaterial to reduce overall size 
and to create dual operation bands. The gradual transform is used to enlarge two frequency 
bands of the antenna. In proposed design, the vias in the CRLH model are replaced by 
meandered lines locating on top surface of the proposed antenna. The antenna has been 
fabricated and measured. Measured S-parameters are given and compared with simulated results, 
showing a great agreement. 

2. DUAL-BROADBAND METAMATERIAL ANTENNA DESIGN 

2.1. Configuration of proposed antenna 

The proposed antenna is a monopole antenna fed by coplanar waveguide. The antenna is 
printed on FR4 dielectric substrate with a dielectric constant �� = 4.4 and thickness � = 0.8 mm. 
The configuration of proposed antenna shown in Figure 1 consists of three parts: the first is the 
radiation patch placed at the center of the antenna. In this design, the rectangular patch in 
conventional microstrip antenna has been replaced by a conical patch with two shoulder angles 
are 480 and 160. On the surface of the conical patch, two reverse L-shaped are etched on the both 
edge side while a reverse T-shaped are formed on top edge of the patch. All slots are cut with 
width of	���.  

The second part is the coplanar waveguide (CPW) with feeder width of	�� placed parallel 
to the ground plane with a gap of ��. To ensure that the input impedance of antenna is equal 
50Ω, the CPW structure is coupled with a metallic rectangle plate, which has width of		
, on the 
bottom layer of the dielectric substrate. Finally, two meandered lines width �� 	are placed 
parallelly to the vertical edge of the antenna. One terminal of this strip is connected to the 
ground plane while the other one is coupled with the edge of the antenna with a gap of �� via 
the triangle plate. 
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Figure 1. Configuration of proposed dual-broadband antenna. 

 

 

 

(a) (b) 

Figure 2. Model of CRLH-TL: (a) Mushroom-like EBG [18], and (b) Equivalent circuit. 

 

Figure 3. Equivalent circuit of proposed antenna. 

Figure 2 illustrates the model and the equivalent circuit diagram of the conventional 
mushroom-like CRLH transmission line. In this diagram, the left-handed (LH) capacitance 
� is 
created by gaps between the adjacent metallic plates on the top layer, while the LH inductance �� 	is produced by current flows from the metal plate to the metallic ground on the bottom layer 
through the metallic via. The use of metallic vias in the conventional CRLH structure is required 
to create LH inductance components, however, this leads to an inherent drawback of this 
structure is difficult to manufacture and influence the accuracy of the experimental results. 
Therefore, the design concept proposed in the metamaterial antenna is to convert conventional 
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CRLH structure into the vialess structure. On the other hand, the gradual transform is used to 
enlarge two operating frequency bands of the proposed antenna. 

The model proposed antenna is represented as the equivalent circuit diagram shown in 
Figure 3. From this figure, the capacitance 
� is formed by the between the feeder on the top and 
the metallic patch on the bottom layer. The capacitance 
��	is created by the gap between the 
feeder and the metallic ground plane while the ground plane is represented by the 
inductance	���. These two components will be equivalent to the filter structure of transverse 
electromagnetic (TEM) wave mode at the input of the antenna. Capacitance 
��
�	is made by 
inverse L-shaped slot cut at the edge side and the inverse T-shaped slit on the horizontal edge of 
the patch, while the meandered line is represented by the inductance	���
�. Capacitance 
��
� is 
made by the gap of the central patch and the extended area (triangle area) of the meandered line. 
In this design, the meandered line is represented by inductance ���
� in case of low resonant 
frequency band and by inductance ���
� when the antenna operates at a high frequency range. 
This happens due to the fringing effect that changes the role of meandered line. This change will 
be discussed in detail in the next section. 

2.2. Theorical calculation 

This section presents some basic calculations of the resonant frequency of the antenna in 
two frequency bands corresponding to the center frequency of 2.45 GHz and 5.5 GHz based on 
the equivalent circuit diagram shown in Figure 3. The dual-band antenna presented in Figure 1 is 
designed based on two basic principles: the structure of CLH-TL and fringing effects of 
metamaterials. 

 
Figure 4. Fringing effect of metamaterials. 

Figure 4 depicts the fringing effect of metamaterial. To simplify, the current distribution at 
the outer edge of the surface in the dielectric will lead to the increase of the electrical conductor 
length a range of	��. 																					�� � � � ��  (1) 

In which,  � is the physical length of the conductor. 

         �� is the extension length causes by the fringing effect of metamaterial. 

         �� is the electrical length of the conductor. 

The extension length will alter the limited area of the wave modes in the waveguide. It can 
be calculated by the following formula: 

�� � 0.412 � � ��� !! � 0.3# $%� � 0.264'
��� !! ( 0.258# $%� � 0.8' (2) 

where, % is the length corresponding to the +,�-- mode, which has the approximate value 
of	0.5./, with ./ 	is wavelength in free space, �� !! is the effective dielectric constant, and � is 
the thickness of the dielectric substrate. 
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2.2.1. At the frequency of 2.45 GHz 

In the equivalent model shown in Figure 3, the inductance ���
� does not exist in the lower 
frequency range and the key 0	is put at position 1. This can be explained in a simple way by 
fringing effect of metamaterial. As frequency increases, the length extension makes the physical 
size of �� increase compared to its actual size. A part of the current from this component flows 
through the narrow slit ��	into the meandered line 	��	forming imaging current on it. The value 
of ���
� depends on electric field energy generated by the imaging current. Normally, this effect 
will be occurring when �� is equal	��. 

In this case, the value of �� is equal 0.2 mm. We can see that the value of �� is greater 
than	��, fringing effect occurred but it does not create the imaging current on the meandered 
line		��. This is because the difference between the length extension and the gap ��	is not too 
large. Permeable area is not too big; the imaging current occurred with low amplitude and was 
attenuated during the propagation. As a result, equivalent circuit model of the antenna does not 
exist	
��
� and	���
�. Therefore, the resonant frequency of the antenna is calculated as follows: 

								1/� � 1223���
�∗ . 
��
�∗  (3) 

In which,  


��
�∗ � 
� 5
�� � 2
��
�6
��
� � 2
��
�72
��
� � 
��
� � 2
��
�8
� � 
�� � 2
��
�6
��
� � 2
��
�72
��
� � 
��
� � 2
��
� 
(4) 

with 
��
� � 9:��� � 96	��. �7���  (5) 

								
��
� �
9;6	�� ( 	��76���7<��� . 96	��. ���7��9 56	�� ( 	��76���7��� � 	��. ����� 8  (6) 

���
�∗ � �������
� � �=/�#��� � ���
� � �=/� (7) 

  
(a) (b) 

Figure 5. Calculation model of inductance value: (a) Inductance ��, and (b) Inductance ��. 

Model of capacitance ���
� is represented by two elements �� and �� ���
� � �� � �� (8) 
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The inductance �� is generated due to the magnetic field energy stored between radiation 
plate which is fed directly (the component which has size of 	 � ? shown in Figure 5 (a)) and 
meandered line 	��	considered entirely as ground plane when fringing effect did not yet occur. 
While the equivalent inductance �� is created by the current distributed on the edge which is in 
contact with the dielectric and pairs of parallel strips 	��� and		�6��@�7. From these equivalent 
models we can determine the value �� and �� as follows: 

�� � A0.0117. 	-. C�. log�- GH
HI2. 	���� J

K 	�� �L	��� ����
	�� �L	��� � 4��M

N
OP
PQ�R

�
� 0.005. C� . SL	��� � 4�� (L	��� ���� � 14 ( 2. � � ��T 

(9) 

where, 	- is the edge length of the patch placed opposite the meandered line, and can be 
determined by the following formula: 

	- � 	� � �Ucos48- � 6	� ( 	� ( �X7cos15-  (10) 

�� � C-. C��2 A	�� . coshZ�. S∑ 	�6��@�7 � Δ�2.�� T
� C-. C�� . ∑ 	��2 ]∑ 	�6��@�72.�� �^∑ 	�6��@�7� � Δ�� ( 14.��� _ 

(11) 

in which, 	C�� is the permeability of copper layer; 	�� is the lengths formed the meandered line 
(`	= 02, 01, 00, 1, 2…, 15); 	��� is the length of the corresponding strips 	�-�			�--, 	��, 	�b… , 	��b; 	�6��@�7 is the length of the strips 		�-�, 	��, 	�d… , 	��R. 
2.2.2. At the frequency of 5.5 GHz 

In this case, the value of �� is 0.262 mm. The fringing effect occurs due to �� is greater 
than	��, therefore, imaging current appeared on the meandered line 	�� and turn it into a inductor 
with inductance	���
� (the key 0	is put at position 2). The resonant frequency is determined as 
follows: 								1/� � 1223���
�∗ . 
��
�∗  (12) 

where, 


��
�∗ � 
� 5
�� � 2
��
�6
��
� � 2
��
�72
��
� � 
��
� � 2
��
�8
� � 
�� � 2
��
�6
��
� � 2
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��
� � 
��
� � 2
��
�  

���
�∗ � �������
� � �=/�#��� � ���
� � �=/�  

								���
� � 0.8.���. e�. C�6.�� � 9. 	�6��@�7 � 10	��� (13) 
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where, e is number of meander created by the strips 	��, and it corresponds to the spirals of a 
conventional inductor. 

3. RESULTS AND DISCUSSIONS  

Firstly, the investigation on the impact of parametric size to the resonant frequency is 
considered to select the optimized parameters and meet the desired operational frequency range 
for the antenna. The investigation of size parameter is done with each parameter in turn, while 
the remaining parameters are fixed. 

 

  

(a) (b) 

Figure 6. Simulated S11 of proposed antenna with different value of (a) width of meandered line	�� ,                  
and (b) gap between meandered line and patch	��. 

Figure 6 shows the simulated reflection coefficient S11 with different values of width 	�� 
of the meandered line. As observed in Figure 6(a), both resonance frequencies are shifted to the 
lower frequency range when the width 	�� reduced. We can see that the reduction of width	�� 
leads to the increase of the meandered electrical length, and therefore making the increase of its 
equivalent inductance value. As discussed above, due to the impact of fringing effects that this 
value of meandered line at the frequency of 2.4 GHz or 5.5 GHz will be named ���
� or ���
�, 
respectively. So, when we reduce the value of width	��, the inductance ���
� and ���
� will be 
increased and make the two resonant frequency ranges of the antenna reduced in accordance 
with the formula (3) and (11). 

Next, the simulated S11 results with the different values of the gap �� between the 
meandered line and central patch are shown in Figure 6(b). We can see that the bandwidths of 
both frequency ranges of the antenna are narrowed when �� 	reduced. On the other hand, the 
reflection coefficient of the antenna at �� = 1.7 mm shows that the antenna only resonates at 
high frequency range. This is due to the loss of dual-band impedance matching of Chebyshev. 
The value of �� changes (such as the formula (13)) leading to the change of the reflection 
coefficient at high frequency band. Depending on how fast the change in value of	��, the 
remaining band which does not depend on	�� will also shrink, or the antenna will be 
mismatched because of the small value of the antenna impedance. 
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(a) (b) 

Figure 7. Current distribution of antenna with dielectric thickness of 0.8 mm at: (a) 2.45 GHz, and                     
(b) 5.5 GHz. 

Current distribution of the antenna at 2.45 and 5.5 GHz are presented in Figure 7. It can be 
seen in Figure 7(a) that the current density at 2.45 GHz frequency focuses mainly on the border 
of two edges and on a part of inverse L-shaped slits of the antenna. At this frequency, fringing 
effect occurs but not significantly (as analyzed in Section 2.1), and there is not current 
distribution on the meandered lines. However, the simulated result at 5.5 GHz in Figure 7(b) 
shows that the current distribution is concentrated on the meandered line because of the 
influence of fringing effect. Besides, this effect also generates current distribution at the gap 
between the meandered line and the edges of the patch as well as at the inverse L- and T-shaped 
slits on the patch. 

Table 1. Optimized parameter of proposed antenna (Unit: mm). 

W 16 wk 0.28 lsi 3.75 

L 18 lk01 0.91 lss 11.25 

w1 1.1 lk02 5.67 dx 4.06 

l1 3.44 lk2 5.38 dy 4.69 

w2 14.4 lk3 0.88 wc 0.55 

l2 13.4 lk4 4.03 wa 2.19 

ws1 0.63 lk6 2.88 la 7.36 

ls1 4 d1 0.18   
 

The optimal size parameters of the proposed antenna are summarized in Table 1. These 
parameters are adjusted to achieve the operating frequency range that covering the WLAN 
system at 2.45 and 5.5 GHz bands. The total size of the proposed antenna is 18 mm × 16 mm 
(equivalent to 0,147 λ0 × 0.13λ0, with λ0 is the wavelength in free space at frequency of 2.45 
GHz). 

Simulated result of reflection coefficient of proposed antenna with optimized parameters is 
shown in Figure 8. It can be observed that that the antenna resonates at two frequency bands 
with -10 dB bandwidth of (1.92 - 3.87) GHz and (4.94 - 7.76) GHz. The operating frequency 
bands of proposed antenna cover entirely the frequency bands of WLAN system spreading from 
2.40 to 2.48 GHz and from 5.2 to 5.8 GHz. 
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Figure 8. Simulated S11 of proposed antenna with dieclectric thickness of 0.8 mm. 

Next, we process the simulation of the proposed antenna with the dielectric thickness of 1.6 
mm for evaluating the change of dielectric thickness to the fringing effects occurs in the 
proposed antenna at 2.45 and 5.5 GHz. The value of the increment length �� calculated at these 
both frequencies are 0.39 and 0.47 mm, respectively. 

For maintaining the input impedance at the feeder similar as the one of antenna with 
dielectric thickness of 0.8 mm, the width of the feeder �� and the gap �� need to be adjusted. If 
we choice the value of �� is smaller than ��, the fringing effects will occur at 2.45 GHz. 
However, in order to prove that the fringing effects at thickness of 1.6 mm will occur similar to 
the case of the dielectric thickness of 0.8 mm, the value of �� is chosen as 0.385 mm. Therefore, 
the width �� has a value of 1.68 mm in order to keep the input impedance of antenna stills equal 
50 Ω. 

At the frequency of 2.45 GHz, it can be seen that �� is a bit larger than ��, then the 
fringing effects occurred but the image current did not appear on the meandered line. This is 
quite agreement with the current distribution simulation of the antenna with the thickness of 1.6 
mm at 2.45 GHz that is shown in Figure 9(a). However, the increment length of at 5.5 GHz (0.47 
mm) is significantly larger than the value of ��, this will lead to the appearance of the image 
current on the meandered line due to the fringing effects. This is aslo consistent with the current 
distribution on the antenna presented in Figure 9(b). 

  

(a) (b) 
Figure 9. Current distribution of antenna with dielectric thickness of 1.6 mm at: (a) 2.45 GHz, and                       

(b) 5.5 GHz. 
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The simulation results of reflection coefficient of proposed antenna with 1.6 mm thickness 
substrate are shown in Figure 10. Observed in this figure, we can see that the two antenna 
resonating at the frequency range of 1.92 to 3.85 GHz and 4.73 to 7.67 GHz, completely covered 
WLAN frequency range of 2.45 and 5.5 GHz . 

Thus, in case of various thickness of dielectric substrate, fringing effects remained at the 
design frequency band if the value of �� and �� are appropriate chosen that still remain the input 
impedance of antenna. 
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Figure 10. Simulated S11 of proposed antenna with dieclectric thickness of 1.6 mm. 

Radiation pattern simulated of the proposed antenna at the center frequency 2.45 and 5.5 
GHz of WLAN system is presented in Figure 11. It is straightforward to recognize that the 
proposed antenna have an isotropic radiation pattern in H plane (YZ plane) at two above 
frequencies. The simulated gain of antenna at 2.45 and 5.5 GHz are -0.43 and 1.23 dB, 
respectively. 

Table 2. Comparison with previous metamaterial antennas. 

References Dielectric Center 
frequencies 

(GHz) 

Gain 

(dB) 

Total size �� � 
(mm) 

(mm �	mm) 6.- � .-) 

[9] 4.4 1.6 2.62/3.23 1.1/1.7 25 �	20 0.218 � 0.175 
 [19] 4.4 1.6 1.72/3 1.2/1.5 60 �	50 0.364 � 0.287 
 [20] 4.4 1.6 2.62/3.7 0.9/1.9 31.7 �	27 0.27 � 0.235 
 [21] 4.4 1.6 3.5/5.2 - 26 �23 0.3 � 0.27 
 [22] 4.4 0.8 2.4/5.8 1.12/3.9 27 � 27 0.216 � 0.216 

[23] 4.4 0.8 2.6/5.2 4.95/4.42 34 � 15 0.29 � 0.13 

This work 
4.4 0.8 2.45/5.5 -0.43/1.23 18 �16 0.147 � 0.13 

4.4 1.6 2.45/5.5 -0.33/1.27 18 �	16 0.147 � 0.13 
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Table 2 provides a comparison in terms of total size between the proposed antennas and 
metamaterial antennas that have been reported recently. All the reference models are dual-band 
antenna. Overall dimensions of the antennas are compared in units of millimeter and the 
wavelength in free-space at low frequency of antenna. It is clearly evident that the proposed 
filter has a smaller size than the one of listed previous works. However, the gain of proposed 
antenna at the lower frequency is much smaller than the ones of reference antennas. 

In order to validate the proposed model, optimized antenna is fabricated and experimentally 
measured. The feeder of the fabricated antenna is soldered with 50Ω-SMA connector in order to 
measure the scatter parameters. The measurement is performed by the PNA-X Keysight 
Network Analyzer with measured range from 125 MHz to 26.5 GHz. The fabricated prototype is 
shown in Figure 12, while the S11 measured result of antenna is presented in Figure 13. The 
measured -10 dB bandwidth of antenna shows that it can operate at two dual-broadband in which 
the lower band ranges from 1.87 to 3.62 GHz while the higher one covers a frequency band of 
(4.85 – 7.52) GHz. 

  

(a) (b) 
Figure 11. Radiation pattern of proposed antenna at: (a) 2.45 GHz, and (b) 5.5 GHz. 

 

 

 
Figure 12. Prototype of proposed antenna. Figure 13. Measured S11 of fabricated antenna. 

4. CONCLUSIONS 

A compact dual-broadband metamaterial antenna has been designed, fabricated and 
measured. The proposed antenna used composite right-left handed transmission line (CRLH-TL) 
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for size reduction, combined with fringing effects of metamaterial to achieve dual frequency 
bands. Gradual transform was employed to broaden the bandwidth of both operation bands of 
the antenna. It was demonstrated that the proposed antenna has dual impedance bandwidths 
ranged from 1.87 to 3.62 GHz in the lower frequency band and 4.85 to 7.72 GHz in the higher 
frequency band that covered the WLAN frequency bands of (2.40 - 2.485) GHz and (5.2 - 5.8) 
GHz.  In both bands, the antenna can generate a good omnidirectional, monopole-like radiation 
pattern. With small size, vialess, easy to manufacture and low cost the proposed antenna can be a 
good candidate for applications of WLAN systems.   
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