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Design of Multiband Metamaterial Microwave 
BPFs for Microwave Wireless Applications 

Ahmed Hameed Reja and Syed Naseem Ahmad 

Abstract. This work proposes an end-coupled half wavelength resonator dual 
bandpass filter (BPF). The filter is designed to have a 10.9% fractional bandwidth 
(FBW) at center frequency of 5.5GHz. Dual-band BPF with more drastic size 
reduction can be obtained by using metallic vias act as shunt-connected inductors 
to get negative permittivity (-ε). The process of etching rectangular split ring reso-
nators (SRRs) instead of open-end microstrip transmission lines (TLs) for planar 
BPF to provide negative permeability (-µ) is presented. The primary goals of these 
ideas are to get reduction in size, dual- and tri- bands frequency responses. These 
metamaterial transmission lines are suitable for microwave filter applications 
where miniaturization, dual- and tri-narrow passbands are achieved. Numerical 
results for the end-coupled microwave BPFs design are obtained and filters are 
simulated using software package HFSS.  All presented designs are implemented 
on the Roger RO3210 substrate material that has; dielectric constant εr=10.8, and 
substrate height h =1.27 mm. 

Keywords: Bandpass filter, end coupled, metamaterial, microwave, multiband, 
split ring resonator. 

1 Introduction 

Microwave bandpass filters are vital components in a wide range of microwave 
systems, including satellite communications and radar. Transmission line resonator 
structures consist of a combination of multi-lines of at least one quarter guide  
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wavelength (λg/4), these structures are used as components in different types of 
filters with different filtering characteristics.  

The most popular of various design structures for RF/microwave filters include 
end-coupled, edge-coupled, hairpin and interdigital filters. Fig. 1 shows a third 
order end-coupled microstrip filter [1]. 
 

 

Fig. 1 Three poles end-coupled bandpass filter structure 

End-coupled line filters consist of open-end microstrip resonators of approxi-
mately half wavelength. The resonators are coupled between them through a  
gap-spacing (S) for designing of bandpass filters. But it has the disadvantage of 
consumes more space compared to other microwave filters.  In planar technology, 
filters with small fractional bandwidth (FBW) could be implemented in case of 
end-coupled resonators, since the coupling between resonators have to be weak. 
So, this topology cannot be used for the design of wider band filter [1]. There are 
many advantages of this type of filter such as; low cost, fairly high tolerance, and 
ease of fabrication. To miniaturize the filter size, the metamaterial idea is present-
ed in this paper. Metamaterials (MTMs) are defined as artificial, effectively ho-
mogeneous (average cell size p is much smaller than the guided wavelength, λg) 
and exhibiting highly unusual properties (negative values of effective permittivity 
εr, and effective permeability µr) not readily available in nature [2, 3].  

The electromagnetic properties of metamaterials were already predicted by 
Veselago in 1968 [2]. Split-ring resonators (SRRs) were one of the first particles  
for metamaterial structure which were proposed by Pendry in 1999 [4]. The metal-
lic metamaterials comprises double SRRs are the main artificial structures to real-
ize magnetic responses above gigahertz frequencies [5, 6, 7, 8]. The double SRRs 
topologies depicted in Fig. 2 are used to obtain a negative value of effective  
 

 

Fig. 2 SRR topologies (a) circle shape, (b) square shape. The relevant dimensions are  
indicated. (Metal regions are depicted in brown color) 
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permeability over a desired frequency range. In planar technology, one-
dimensional left handed metamaterials and negative permeability transmission 
lines based on SRRs have been proposed [9, 10]. 

A dual-band, tri-band and quad-band as a multiband of frequencies are neces-
sary in telecommunication applications.  All communication devices which have 
many channels use multiband frequencies. The need for the design of compact, 
low-cost, and robust radio frequency (RF) devices operating at multiband frequen-
cy to facilitate and develop the next generation wireless systems. These devices 
are used rather than; complexity, high cost and power demand of multiband paral-
lel transmit and receive signal path circuits. In literature, there are various  
approaches reported for dual- and tri- bands of BPFs. All these approaches depend 
on the change of substrate material parameters such as thickness and dielectric 
constant or change of geometrical parameters of resonators such as unit cell di-
mensions, strip and split widths, gap widths and separation between the rings. The 
design of planar dual-band BPFs using modified SRRs as a metamaterial compo-
nent is presented. The resonance frequencies are analytically derived, and the field 
distribution on each SRR is studied [11]. A dual-band microstrip filter depending 
on double resonant property of the complementary split ring resonators (CSRRs) 
as a resonant unit and T-shaped stub as feeding structure is designed. This filter 
has two passbands of (2.4 - 2.6) GHz and (3.8 - 4.3) GHz with low insertion loss 
inside band and high rejection out-of-band [12]. A compact dual-band microstrip 
filter with equal-length SRRs and zero degrees-feed structure is proposed. A zero 
degrees-feed structure is applied to realize additional transmission zeros at finite 
frequencies [13]. A miniaturized dual-band BPF module using double-split (DS)-
CSRR and SRR is presented. Two passbands are individually printed on two sides 
of a substrate material (Rogers 3010) as a compact integration [14].  

A compact dual-band BPF using side-coupled octagonal SRRs is proposed. The 
filter employs two sets of SRRs operating at different frequencies to generate two 
passbands and provide facilities to control the bandwidth of the two passbands 
[15]. A compact dual-band substrate integrated waveguide (SIW) filters based on 
two different types of CSRRs loaded on the waveguide surface is presented.  
Compact size, good selectivity, stopband rejection and easy fabrication are 
achieved [16]. A dual-band BPF using SRRs and defected ground structure (DGS) 
with constant absolute bandwidth is proposed. The inner and outer SRRs are oper-
ated for respective passband. DGS can control the coupling coefficient of the  
filter. This kind of filter with compact size and high selectivity is designed and 
fabricated [17]. Three SRRs used to obtain a triple-band response is proposed. 
Two topologies to design triple-band filters with controllable responses and a 
systematic filter design approach based on a filter coupling model are presented 
[18]. Miniaturized multiband filters using CSRRs is proposed. A multiple 
passbands can be generated by loading different types of CSRRs on the waveguide 
surface. Two types of dual-band filters, a triple-band and a quadruple-band filter 
are designed and fabricated. The advantages of these filters are compact size, good 
selectivity and high stopband rejection [19]. A technique based on combination  
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of two parallel multimode resonators and single CSRR to design multi-notch 
bands ultra-wideband (UWB)-BPF is discussed. The mechanism of realizing the 
notch-bands is mathematically presented and a triple notch-bands UWB-BPF is 
designed, simulated and fabricated. The size reduction of around 35% is demon-
strated compared to the conventional filter [20].  

In this paper, an end-coupled dual- and tri- bands microwave BPF design has 
been presented. Dual-band filter with size reduction can be obtained by using vias. 
To enhance the magnetic coupling and obtain multiband, the preferred structure 
used is etching rectangular SRRs instead of traditional open ended transmission 
lines at same external dimensions. It will be shown that the designed metamaterial 
structures can found applications to the design of dual- and tri-bands microwave 
filters. These metamaterial structures interest in compact microwave filters design 
used in wireless applications. 

2 End-Coupled, Half-Wavelength Resonator Filter Design 

2.1 Traditional End-Coupled Filter Design 

Fig. 3 shows the general configuration of three poles (n = 3) end-coupled 
microstrip BPF, where each open-end microstrip resonator is approximately a half 
guided wavelength (λg/2) long at the resonant frequency (fo) of the bandpass filter. 
A microstrip gap (S) can be represented by an equivalent circuit, as illustrated in 
Fig. 4 [21].  

 
 
 

 
 

The shunt (Cp) - and series (Cg) - capacitances may be determined by using 
equations in [22]. These capacitances depend on the width of microstrip (W), die-
lectric constant of substrate material (εr), gap between two adjacent resonators (S), 
and the thickness of substrate material (h).  

 CPj,j+1=0.5 Cej,j+1                                                                        (1) 
 Cgj,j+1=0.5Coj,j+1-0.25Cej,j+1                                                      (2) 

The components Co and Ce are expressed as        

Fig. 3  Three poles configuration of end-
coupled microstrip BPF 

Fig. 4 Microstrip gap and its equivalent  
 circuit  
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Coj,j+1W =( εr9.6 )0.8.( Sj,j+1W )mo .eko             ( PF mൗ )                         (3)  

                          
Cej,j+1W =12 ቀ εr9.6ቁ0.9 . ቀSj,j+1W ቁme  .eke        ൫PF mൗ ൯                          (4) 

where 

        mo= Wh ൣ0.619. log(W h⁄ ) -0.3853൧      
                                                                          for  0.1≤ s W⁄ ≤1               (5) 

        ko=4.26-1.453.log( W h⁄ )      
               me=0.8675         

                                                                       for  0.1≤ s W≤0.3                (6)⁄  
              ke=2.043( W h⁄ )0.12 
 

The capacitive coupling in open-ends from one resonator structure to the other 
is through the gap between them, this gap can be represented by J- inverters, 
which are of the form in Fig. 5 [21]. These J-inverters go about to reflect high  
impedance levels to the ends of each resonator, and this causes the resonators to 
exhibit a shunt-type resonance [23]. A third order (n = 3) Chebyshev low pass 
filter (LPF) prototype with a normalized cutoff Ωc = 1 and 0.1dB passband ripple 
is chosen. Whose order of the filter and element values (gn) are listed in Table 1. 

 

 

Fig. 5 J-inverters with respect to lumped and transmission line elements  

Table 1 The order of filter with element values 

n go     g1   g2    g3 g4 
3 1  1.0316 1.1474 1.0316 1 

 
A microstrip end-coupled BPF is designed to have a fractional bandwidth 

(FBW) of 10.9% at 5.5 GHz central frequency (fo) related to upper (ω2) and lower 
(ω1) cutoff frequencies and expressed as [21]. FBW= ω2-ω1√ω1.ω2                                                       (7) 

Thus, the filter under consideration operates as a shunt-resonator. The Jj,j+1 are 
the characteristic admittances of J-inverters and Y0 is the characteristic admittance 
of the microstrip line. Whose general design equations are given as follows [21].  J01Y0 =ඨπ.FBW2.go.g1                                                          (8) 
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Jj,j+1Y0 = π.FBW2.ඥgj.gj+1  ,          j=1 to n-1                            (9) 

Jn,n+1Y0 =ඨ π.FBW2.gn.gn+1                                                            (10) 

The susceptance Bj,j+1 under  perfect series capacitance condition for capacitive 
gaps act as in Fig. 5 and expressed as Bj,j+1Yo = Jj,j+1Yo1-( Jj,j+1Yo )2                                                           (11) 

The electrical lengths of half wavelength resonators are expressed as 
 

  θj=π- 12 ൤tan-1 ൬2Bj-1,jYo ൰ +tan-1( 2Bj,j+1Yo )൨ ,    radians                             (12) 
 

The effective lengths of the shunt capacitances on the both ends of resonators 
with guided wavelength (λgo) and angular frequency (ωo = 2π.fo) can be found by 
using the following expressions. 

Δlje1= λgo.ωo.CPj-1,j2π.Yo                                                              (13) 

Δlje2= λgo.ωo.CPj,j+12π.Yo                                                            (14) 
 

The physical lengths of resonators are given by [21] 
 lj= λgo.θj2π -Δlje1-Δlje2                                                       (15)                         

2.2 Filters Simulation 

For microstrip filters simulation, a substrate material with a relative dielectric 
constant εr = 10.8, substrate height h = 1.27mm and conductor thickness t = 
0.035mm. The line width for microstrip half-wavelength resonators is also chosen 
W = 1.85mm. The simulation was conducted using high frequency structure simu-
lator (HFSS) software package. The procedure design of end-coupled filter has 
been completed, and the final results are listed in Table 2 depending on Fig. 3. The 
layout dimensions of this design are (10.8mm x 32.411mm). 

Table 2 The dimensions of filter components 

W 

(mm) 

S0,1 = S3,4 

(mm) 

S1,2 = S2,3 

(mm) 

l1= l3 

(mm) 

l2 

(mm) 

l (PI/P=PO/P) 

(mm) 

1.85 0.057 0.52 8.15 8.7 3.123 
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Several width values of strip lines were taken so as to know which is better to 
get suitable results of filter design at the desired frequency. It is noted that the 
preferable value is 1.8mm or 1.85mm. Fig. 6 and Fig. 7 show the return (S11) and 
insertion (S21) losses frequency response, respectively and related to width of strip 
line. The return losses are 30dB in the first resonance at 5.5GHz and 20dB in the 
second resonance at 10.5GHz. The insertion losses at same points of resonances 
approach to 0.1dB and 2dB, respectively. One of the important parameters in filter 
design is the group delay, which is expressed as [21]. τd= d∅21dω            Seconds                                             (16) 

Where, Ø21is the phase angle of S21 in radians, and ω is an angular frequency in 
radians per second. Fig. 8 shows the group delay for different microstrip width 
values, and it is observed that the group delay remains almost constant out of the 
passband interval and approximate to 0.12ns, whereas in the passband interval 
there is a sharp rise in group delay.  

 

Fig. 6 Return loss responses (S11) of BPF 

 

Fig. 7 Insertion loss responses (S21) of BPF 

Finally the simulated (through HFSS software, including losses) frequency re-
sponse of the BPF with better results by taking 1.85mm width of strip line is 
shown in Fig. 9. The central frequency (fo) of the filter is 5.5GHz and fractional 
bandwidth (FWB) equal to 10.9%, and the other resonance at 10.5GHz has FWB 
of 11.45%. 
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Fig. 8 Group delay variation in different microstrip width values of BPF 

 

Fig. 9 Frequency response of dual-band BPF 

Fig. 10 shows the group delay for dual-band BPF design and it is observed that 
the group delay remains almost constant out of the passband interval and approx-
imate to 0.12ns, whereas the sharp rise in passband interval. 
 

 

Fig. 10 Group delay variation for conventional dual-band BPF 
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3 Metamaterial Structures  

3.1 Via Structure  

In filter design more size reduction and dual-band frequencies can be obtained by 
using metallic vias at periodic positions. This metallic vias act as shunt-connected 
inductors, whereas metallic vias provide the required negative permittivity (-εr). 
Fig. 11 shows the geometric design of via intersects the upper conductor and the 
ground plane. The radius (r) of via in this design is equal to 0.005λg. 

 

Fig. 11 Geometric design of via structure 

3.2 Rectangular SRR Structure  

The double SRR structure and its equivalent circuit are shown in Fig. 12. This 
structure is etching instead of an open-ended transmission line which acts as a 
shunt capacitance to get miniaturization and multiband resonances. In the double 
ring configuration, capacitive coupling (C’1, C’2) and inductive coupling (L’1, L’2) 
between the external and internal rings were connected by a coupling capacitance 
(Cm) and a transformer that has transformed ratio (T) [3].  

The electromagnetic properties of SRRs structure were studied [4]. The SRRs 
structure has a negative permeability at specific resonant frequency (fo) and can be 
calculated in case of circle shape SRRs as follows 

μeff= πr2 A2⁄1+ 2l.σw.r.μo i- 3l.coπw2ln 2c.r3d
                                                   (18) 

Where σ is the resistance per unit length, A, l, are the periods of z- and  
y-directions, respectively, and co is the light velocity. Thereafter changing from 
circle type parameters to rectangular type parameters with many approximations 
to get SRRs used in our design as shown in Fig. 12.  
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The external dimensions of rectangular SRRs have the same external dimen-
sions of open-ended transmission lines. The rectangular type parameters for all 
resonators are (g = 0.15mm, d = 0.145mm, and c = 0.15mm). The lengths of inter-
nal resonators (r1 and r2) can be calculated easily from upper parameters. 

 

 

Fig. 12 SRRs topology a) Structure and equivalent circuit model b) Rectangular SRR 

4 Metamaterial BPF 

To obtain good electrical performances from the proposed filters, the design pa-
rameters were tuned and optimized using HFSS software based on finite element 
method. The layout of conventional filter is modified to get metamaterial filters 
with new results. 

4.1 BPF Using Vias 

The end-coupled microstrip poles are connected to the ground plane through  
metallic vias at periodic positions as shown in Fig. 13. This metallic vias act as 
shunt-connected inductors, whereas the distance between two adjacent vias is 
8.95mm, and the internal radius of each via equal to 0.085mm. 

 

Fig. 13 End-coupled filter design contains vias (a) front view, (b) side view 

The frequency response of this filter is shown in Fig. 14. We see that the new 
resonant frequencies are created in 3.58GHz and 5.58GHz respectively, and re-
jected at 10.5GHz. The return loss at new resonance frequencies are 22dB and 
18dB, respectively. Fig. 15 shows the group delay and it is observed that the group 
delay remains almost constant approximate to 0.1ns along the stop-band interval, 
whereas beyond the passband there is a sharp rise in group delay.  
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Fig. 14 Frequency response of dual-band BPF contains metallic vias 

 

Fig. 15 Group delay of dual-band BPF contains metallic vias 

4.2 BPF Using SRRs 

The modification of end-coupled filter based on SRRs concept is shown in Fig.16. 
This idea is achieved by etching rectangular SRRs instead of open-ended trans-
mission lines (l1, l2, l3) in a conventional filter design to get reduction in size up  
to 20%, and tri-band frequencies at 4.4GHz, 7.9GHz, and 10.5GHz. Compact, 
low-cost and robust multiband microwave components are obtained when many 
communication standards are collected in one microwave wireless device. The 
disadvantage of this design is low return losses and less FBW compared to con-
ventional counterpart. Fig.17 shows the frequency response of modified end-
coupled filter. Fig.18 shows the group delay variation of the tri-band filter, and it 
is observed that the group delay remains almost constant out of the passband in-
terval and approximate to 0.12ns.  

 

Fig. 16 Layout of three pole microstrip end-coupled split ring resonators filter 
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Fig. 17 Frequency response of tri-band filter contains SRRs 

 

Fig. 18 Group delay variation of tri-band filter Contains SRRs 

The comparison between traditional and metamaterial filters with respect to reso-
nance frequencies, fractional bandwidths and return losses are listed in Table 3. 

Table 3 Comparison between conventional and metamaterial filters 

Filter type         Resonance frequency (GHz)            FBW  % RL (dB) 

fo1 fo2 fo3 at    fo1,  fo2,  fo3  respectively 

Conventional 5.5 - 10.5 10.9, -, 11.45 28,  -,  18 

Metamaterial -Vias 3.58 5.58 - 7, 8, - 22, 18, - 

Metamaterial-SRRs 4.4 7.9 10.5 8.7,3.9,12.35 16, 17, 16 

5 Conclusions 

The end-coupled, half wavelength resonator, bandpass filter is presented for  
the first time in this paper. A new design achieved by using vias act as shunt in-
ductors between microstrip lines and the ground plane. This idea gives a reduction 
in size and dual-band frequencies at lower and upper resonance frequency in con-
ventional one. The MTM microstrip lines as periodic SRRs with deliberately 
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manufactured gaps between them have been designed. The main contribution of 
this work is that proposed structure can be used as a narrow bandpass filter with 
reasonably good performance. The group delay of BPFs remains almost constant 
out of the passband interval and is approximately 0.12ns. The advantages of the 
end-coupled resonator type of filters that they are fairly high tolerance, ease of 
fabrication and low cost. The disadvantages are that they consume more space  
and cannot be used for the design of wideband filters. After modification, more 
advantages are obtained, such as reduction in size, dual- and tri-bands frequency 
responses, but it exhibits low return losses at resonance frequencies and less value 
of fractional bandwidth (FBW) in the first resonance frequencies.  
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