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ABSTRACT 

Complimentary hexagonal-omega structures are used to design compact, low insertion loss (IL), low pass filter with 
sharp cut-off. It has been designed for improvement of roll-off performance based on both μ and ε negative property of 
the complimentary hex-omega structure while maintaining the filter pass-band performance. By properly designing and 
loading the hexagonal-omega structure in the ground of microstrip line not only improve the roll-off of the low pass 
filter, but also reduced the filter size. The simulated results indicate that the proposed filter achieves a flat pass band 
with no ripples as well as selectivity of 19.68 dB/GHz, corresponding to 5-unit cells hex-omega structures. This signifi-
cantly exceeds the 5.6 dB/GHz selectivity of the conventional low pass filter design, due to sub-lambda dimensions of 
the hex-omega structure. A prototype filter implementing area is: 0.712 λg × 0.263 λg, λg being the guided wavelength 
at 3-dB cut-off frequency (fc). The proposed filter has a size smaller by 36.2%. 
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1. Introduction 

In microwave communication systems, low-pass filters 
(LPF) are often an important component. Use of stepped 
impedance LPF and open stub LPF are common [1-4]. In 
the responses of such filters, the roll-off to cut-off is not 
sharp but gradual. Therefore, the rejection characteristic 
has limitations in such traditional LPF. This limitation 
can be improved by increasing the passband insertion 
loss (IL) by adding more number of sections. But this in- 
creases physical size, severely limiting any scope for mi- 
niaturization. In order to overcome these problems re- 
cently there has been a growing interest for the use of 
metamaterial [5] in the development of compact micro- 
wave components using printed circuit boards and 
MMIC technologies [6-11]. 

This communication proposes etching of Hex-omega 
structure [12] in the ground of microstrip line to improve 
the selectivity of microwave low pass filter. A compli-
mentary hexagonal omega structure in the ground plane 
produces a sharp rejection stop band in the vicinity of its 
resonance. By loading hex-omega structures in the 
ground of the conventional microstrip LPF, it is possible 
to realize a filter that shows no ripples in the pass band 
as well as exhibits a steep roll-off without compromising 
the circuit size. 

2. Proposed Low-Pass Filter Design 

A design of maximally flat LPF with a cut-off frequency 
of 4.5 GHz, impedance of 50 Ω and at least 10 dB inser-
tion loss at 5 GHz is taken up to demonstrate the utility 
of proposed structure (Figure 1). From design charts 
[13], the order of the filter that satisfied the specification 
was found to be N = 5. One of the important parameters 
for a low-pass filter is selectivity as defined in [14] 
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where ξ is the selectivity in dB/GHz, αmax the 3 dB-at- 
tenuation point, αmin the 20 dB-attenuation point, fs the 20 
dB stop-band frequency and fc the 3 dB cut-off fre-
quency. 

To add in extra functionality while sustaining the filter 
pass-band performance without increasing the size, Hex- 
omega structures were etched into the ground plane 
(Figure 1). The aim of the Hex-omega particles was to 
provide a stop-band characteristic near the vicinity of the 
3 dB cut-off frequency, so as to improve the roll-off of 
the filter. Etching the Hex-omega structure in the ground 
plane below the conductor strip ensures that the particle 
is excited properly. This is achieved by an electric field 
polarized in the axial direction of the hex-omega ring.  
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Figure 1. Topology of (a) conventional LPF (b) hex-omega 
structures etched in the ground plane (depicted in light- 
gray). 
 
Around the resonant frequency, a deep stop band is in-
troduced due to the presence of a negative effective per-
mittivity. The dominant coupling mechanism between 
the line and the hex-omega structure is electric and this 
can be portrayed by a coupling capacitance which is 
given by the line capacitance corresponding to the line 
section occupied by the hex-omega structure [12]. The 
Hex-omega structure can be described as an LC resonant 
tank, the resonant frequency is  

1

2π c c

f
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The geometry of the unit cell structure is as depicted 
in Figure 2. To improve the roll-off of the low-pass filter, 
a set of such Hex-omega structures with resonant fre-
quency near the conventional low-pass filter cut-off fre-
quency fc are required. 

3. Simulation and Verification of 
Metamaterial  

A Hex-omega structure with frequency 4.5 GHz is simu- 
lated (Figure 3) to verify the existence of negative effec-  
 

 

Figure 2. Hex Omega Unit Cell Structure. 

 

Figure 3. Simulation model of the unit cell with the polari-
zation and propagation direction. 
 
tive permittivity. Figures 4 and 5 show respectively the 
simulated transmission (S21) and reflection (S11) parame-
ters for this structure. The full wave simulated scattering 
parameters were used to extract the complex effective 
permittivity and permeability of a transmission line [15]. 
When the wavelength is much larger than the dimensions 
of the constituent scattering elements that compose the 
left-handed media, the effective medium theory is appli-
cable. Applying this theory an inhomogeneous left handed 
media can be substituted by an equivalent structure with 
homogeneously filled effective permeability μeff and 
permittivity εeff, provided the fields in the equivalent 
structure are equal to the mean fields in the original 
structure. An effectively homogeneous structure is a stru- 
cture whose structural average size ‘a’ is much smaller 
than the guided wavelength λg. Therefore this average 
cell size should be at least smaller than a quarter wave- 
length, a < λg/4. The condition of a = λg/4 will be referred 
to as the effective homogeneity limit, to ensure that re- 
fractive phenomenon will dominate over scattering or 
diffracting phenomena when a wave propagates inside 
the meta-material medium. 
 

 

Figure 4. Simulated S21 results of the hex-omega structures 
for different gaps. 
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Figure 5. Simulated S11 results of the Hex-omega. 
 

S-parameters retrieval technique is useful in obtaining 
the material parameters, when analytical techniques be- 
come increasingly difficult to apply (e.g. Scattering ob- 
ject has complex geometry). This procedure extracts the 
effective permittivity, effective permeability, index of re- 
fraction by inverting the reflection–transmission results 
considering the metamaterial as a homogeneous effective 
medium. S-parameters retrieval provides complete infor- 
mation on the material parameters of the sample in a di- 
rect manner. S-parameters measurement and retrieval can 
form the basis of a semi automated metamaterial charac-
terization procedure. To extract effective medium para- 
meter from the normal incidence scattering parameter 
data, the Nicolson-Ross-Weir (NRW) approach [16-19] 
and the corrections [17] were implemented. The NRW 
approach begins by introducing the composite terms. 
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The effective permeability and permittivity are given by  

2

0 2

12

1r

V

jk d V



 


           (5) 

1

0 1

12

1r

V

jk d V



 


            (6) 

From the simulated reflection-transmission result of 
hex-omega structure, the real parts of effective perme- 
ability Re (µr) and effective permittivity Re (εr) at diffe- 
rent frequencies are obtained by applying Equations 
(3)-(6). It is seen that Re (εr) is negative (Figure 6(a)) for 
frequencies between 4.0 - 4.8 GHz, confirming that the 
response is below the plasma frequency (ωp). It is also 
evident from the graph that the Re (µr) goes through a 
resonance at 4.0 GHz and achieves the first negative 
value at this point. The real part of µr remains negative 

(Figure 6(b)) up to 4.8 GHz. Thus the overlap region of 
negative values for Re (µr) and Re (εr) lies in the 4.0 - 4.8 
GHz band. So a negative refractive index n can be ex-
pected in this region. 

The index of refraction (n) is calculated from the s- 
parameter data using the following formulae 
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where K0 is the free space wave length, K is complex 
wave number and n is index of refraction. 

Figure 6(c) shows that the real part of index of refrac-
tion is negative over the frequency range 4.0 - 4.8 GHz. 
So the assumption made from the Re (µr) and Re (εr) 
curve it is proved to be correct. Hence, it can be con-
cluded that index of refraction is also negative when ef-
fective permittivity and permeability are negative. Thus 
it indicates that for this frequency range the Hex-Omega 
structure is left handed. 

4. Simulated and Experimental Results  

To obtain good electrical performances from the pro-
posed filters, key design parameters were tuned and op-
timized using advanced 3D EM simulation tools based 
on finite element method. The simulated results for dif- 
ferent numbers of cells are shown in Figures 7 and 8. 
From Figure 7 it is observed that the cut-off becomes 
sharper with hex-omega structure than the conventional 
structure. Also, it is observed that as the number of 
hex-omega increases, the roll-off to the cut-off frequency 
becomes sharper as predicted earlier. The Figure 8 
strengthens this claim, as it shows that there is good 
matching in the pass-band with hex-omega structure (s) 
than the conventional structure. The Figure 9 shows the 
group delay. It is observed that in the pass-band the 
group delay remains almost constant, whereas beyond 
the pass-band there is sharp rise in group delay. The 
negative phase velocity in LHM material compensates 
the delay in the pass-band, which results in such a be-
havior. This property indicates that the proposed filter 
can be used as a Zero-delay filter and enhance signal in- 
tegrity. 
The prototypes of the proposed LPF were fabricated us-
ing Rogers RT/Duroid 5870 (εr = 2.4, thickness = 1.6 
mm) using standard photo etching techniques (Figures 
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10 and 11). An Agilent 8510C vector network analyzer 
was used to measure the response of the proposed filter 
and the results are shown in Figures 12-15. 

The measured response for the conventional low-pass 
filter shows a low-pass characteristic with a 3 dB cut-off 
frequency of 2.9 GHz. The insertion loss reaches 10dB at 
3.2 GHz and 40dB at 4.5 GHz and the measured roll-off 

rate of the conventional filter is 23.125 dB/GHz. It can 
be seen that the scattering parameters for the low-pass 
filter incorporating hex-omega particles, illustrate a much 
steeper roll-off than the conventional one. The filter ac- 
quires an 3 dB cut-off at 3 GHz and 40 dB attenuation at 
4.88 GHz and hence the roll-off rate is19.68 dB/GHz for 
5-unit cells hex-omega structures. It is also evident that  

 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Simulated response and the extracted real and imaginary. (a) εeff;(b) μeff; and (c) refractive index, for a Hex-omega  
structure incorporated in microstrip technology. 
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Figure 7. Simulated S21 results of low-pass filter with 2-cells, 
3-cells, 4-cells and 5–cells hex-omega structure etched into 
the ground plane. 
 

 

Figure 8. Simulated S11 results of low-pass filter with 2-cells, 
3-cells, 4-cells and 5-cells hex-omega structure etched into 
the ground plane. 
 

 

Figure 9. Simulated group delay variation. 

 

Figure 10. Picture of fabricated conventional maximally flat. 
(a): bottom & (b): top of low-pass filter. 
 

 

 

Figure 11. Fabricated proposed low pass filter with (a) 4 
hex-omega structures; (b) 5 hex-omega & (c) 3 hex-omega 
structure etched into the ground plane. 
 

 

Figure 12. Measured S21 response for conventional Low 
pass filter. 
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Figure 13. Measured S21&S11 response for low-pass filter 
with 5 hex-omega particles etched into the ground plane. 
 

 

Figure 14. Measured S21&S11 response for the proposed 
low-pass filter with 4 hex-omega particles etched into the 
ground plane. 
 

 

Figure 15. Measured S21 response for the proposed low-pass 
filter with 3 hex-omega particles etched into the ground. 

incorporating hex-omega structures into a low-pass filter 
has not degraded pass-band performance. The overall area 
for the conventional low-pass filter is 782 mm² whereas 
the modified filter consumes an area of 499 mm², show- 
ing 36.2% reduction in size. The reason for the reduction 
in size of the proposed filter is due to subwavelength di- 
mensions of the hex-omega structure and frequency dis- 
persion [7]. The maximum group delay variation in the 
passband is within 2.2 ns. 

5. Conclusions 

This paper proposed and evaluated the performances of a 
planar maximally flat low-pass filter (LPF) using the 
complementary hex-omega structures in the ground plane. 
A size reduction of about 36.2% of the filter has been 
achieved. The measured data show that the selectivity 
has been improved by 71.54% (for 5-cells). Other advan- 
tages of the proposed filter includes: improved selectivity, 
compactness, low passband insertion loss, ease of fabri- 
cation (as no via holes or lumped elements are required), 
improved signal integrity, etc. The stop-band characteris- 
tic of a unit cell hex-omega structure was investigated.  
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