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Abstract— In this paper, metamaterial loading on loop and 
open loop microstrip filters is investigated where both 
rectangular loop and open loop structures are considered. Spiral 
resonators are loaded on the four sides of the square loop and 
result in higher size reduction compared to the conventional 
split ring resonators with identical structural parameters. It is 
shown that, for both proposed filters, metamaterial loading 
provides size reduction, due to possessing lower resonant 
frequency of spiral resonators. The structures are analytically 
investigated through the transmission matrix method. In the 
designed rectangular loop filters, there are two nulls on both 
sides of the pass-band, which provide high out-of-band rejection 
and is preserved in the corresponding miniaturized 
metamaterial loaded structures. However open loop resonators 
provide lower resonant frequencies or more compact size filters. 
The proposed filter is fabricated and tested and measured 
results are in good agreement with simulation ones. 

Keywords— Loop filter, Open-loop filter, Metamaterial, Spiral 
Metamaterial, Miniaturization 

 

I. INTRODUCTION 

Wireless communication demand compact, low profile, 
and easy fabrication devices which necessitated the use of 
microstrip structures. Microstrip filters are inevitable parts of 
communication systems. Various filter structures are 
proposed and designed in literature.   

Loop and open loop structures are of basic configurations 
to provide compact narrow band filters, and many researches 
have been performed in literature to understand and improve 
these filters’ performance. Microstrip loop resonators to 
provide bandpass filtering properties are investigated in [1-3]. 
Compact designs are proposed in [4], [5]. A circuit model for 
coupling to ring resonators is proposed in [6]. With cascading 
multiple resonators, high rejection band property is achieved 
in [7]. An analytical method is developed in [8]. A method to 
control attenuation poles is proposed in [9]. 

Open loop resonators, a modification of loop resonators 
with lower resonant frequency, are investigated theoretically 
and experimentally in [10-12]. An open loop filter with 
hexagonal geometry is designed in [13]. A method to tune 
resonant frequency is discussed in [14]. 

 
Various designs in addition to loop and open loop 

resonators are proposed in literature. Compact microstrip 
filters are designed and fabricated in [15-22]. Most of the 
mentioned filters are designed for a specific frequency band 
and can’t be extended for other frequency bands.  

  
                                (a)                                               (b) 
Fig. 1. (a) SP loaded loop resonator, (b) dimensions of the SP. 

 
In this letter, compact bandpass filters based on rectangular 

loop and open-loop resonators loaded by metamaterial 
(MTM) cells, on continuous ground plane, are proposed and 
analytically investigated. Generalization of the filters for 
other frequency bands is straight forward and can be 
performed with scaling the loop and MTM cells and adjusting 
the dimensions for best performance. Changing the MTM 
cells’ dimensions provides resonant frequency adjustment, 
which in this paper is determined for the lowest resonant 
frequency. Section II describes the structure geometry and 
provides analytical expressions. In Section III, designs based 
on the proposed structure are investigated. Measurement 
results are provided in Section IV. Conclusion remarks are in 
Section V. 

II. GEOMETRY OF THE PROPOSED STRUCTURE 

The basic resonator structure of this paper, rectangular loop 
resonator loaded by MTM cells, is shown in Fig. 1. The 
rectangular loop resonator should include some kind of 
perturbation to exhibit mode separation needed for bandpass 
filtering response, which is the square on top right corner of 
the loop with dimensions ݀ଵ  . Open loop resonator is a 
capacitively loaded loop resonator with a narrow gap 
resembling the capacitance, shown by dimension ݓ௨௧  in Fig. 
1(a). The application of perturbation is not necessary for open 
loop resonators. Through loading the loop resonator by a 
capacitor, a lower resonance frequency would have resulted. 
These kinds of resonators are basically fed through the 
capacitive coupling, as shown in Fig. 1 with the shown 
dimensions. 

A. The proposed metamaterial resonator 

In this paper, all the four arms of the loop and open loop 
resonators are loaded by MTM cells, which have electrical  
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Fig. 2. Angle of S21 for conventional and SP-loaded 14 mm microstrip 

lines. 
 

   
Fig. 3. Transmission coefficient of SP loaded loop resonator (dimensions: 
Wline = 0.4 mm, lline = 0.1 mm, w1 = 0.4 mm, d1 = 3 mm, wf = 0.4 mm, gf = 0.1 
mm, a = 4.2 mm, d = 0.1 mm, w = 0.2 mm, g = 0.2 mm). 

 
contact with the loop arms. MTMs are promising structures 
to enhance wireless devices’ performance [23], [24]. Two 
kinds of MTM cells, split ring resonator (SRR) and spiral 
resonator (SP) may be considered. SPs represent higher 
equivalent capacitance and inductance compared to SRR 
cells and are approximately half the size of SRRs with the 
same resonant frequency. Therefore, to design the most 
compact filter, SP resonators are selected. The proposed loop 
resonator loaded by the two turn SP cells, as well as the 
corresponding dimensions, is illustrated in Fig. 1. 

 
B. Analytical Investigation 
To analytically investigate the effect of metamaterial 

loading, the ABCD matrix is used. Each arm of the loop 
resonator can be modeled through two transmission lines, 
with electrical length ߠ =  loaded by impedance Z at the ,݈ߚ
middle point. The impedance Z represents the equivalent 
impedance of the metamaterial cell at the working frequency, 
parallel combination of the equivalent capacitance and 
inductance of the MTM cell, which is coupled to the ground 
plane through capacitance C. The coupling capacitance, C, is 
approximated as the capacitance between a unit length strip 
of width w and the ground plane and equals to:  ܥ = ߳߳ݓ/ℎ(1)                                                              ܾݑݏ 

 
For simplicity, conduction and dielectric losses are ignored, 
which have no significant effect on the resonant frequency. 
For SP, the equivalent capacitance and inductance are 
calculated as the method of [25], [26] : ܮௌ = ఓబଶ ݈௩ௌோ ቂ݈݊ ቀೌೡೄೃଶ௪ ቁ + ଵଶቃ                                              (2) ܥௌோ = ସሺ௪ା௦ሻ ேమேమାଵ ቂ݈ሺܰ − 1ሻ − ேమିଵଶ ሺݓ + ሻቃݏ  ,             (3)ܥ

Where 

 

 
Fig. 4. Structure of the final filter. 

 
 ݈௩ௌோ = 4݈ − ቂ2ሺܰ + 1ሻ − ଷேቃ ሺݏ + ܥ ሻ                                 (4)ݓ = ߳߳௦௨ሺ߳, ℎ, ,ݓ ሻݏ ቀඥଵିమቁሺሻ ߢ (5)                                        = ௦௦ାଶ௪                                                                             (6) ߳௦௨ሺ߳, ℎ, ,ݓ ሻݏ = 1 + ଶగ tanିଵ ቂ ଶగሺ௪ା௦ሻቃ ሺ߳ − 1ሻ 

,	ሾ0 < ሺℎ/ݓሻ, ሺℎ/ݏሻ <  ሿ                                              (7)ߨ12
 
Here, ܭ is the elliptic integral; N, number of turns; l, side 
length of the external turn; w, width of the strips; and s, 
separation between two adjacent turns. 
 

III. SIMULATION RESULTS 

The proposed structures are designed on an FR4 substrate 
with a dielectric constant of 4.3 and thickness of 1 mm, for 
low cost and easy availability. To investigate the effects of 
metamaterial loading on the loop filter, some analytical 
calculations are performed. First, an individual arm of the 
filter, with a length of 14 mm, and a width of 0.4 mm is 
analyzed, and S21 is calculated and plotted in Fig. 2. It is 
observed that, at frequency of around 3.1 GHz, angle of S21 
equals –	2/ ߨ, and therefore loop resonance occurs.  

Then, the SP-loaded resonator is analyzed and the angle of 
S21 is calculated. The SP resonator dimensions are: N = 2, w 
= 0.2 mm, d = 0.1 mm, a = b = 3.6 mm. The result is also 
depicted in Fig. 2. Metamaterial behavior, including a 
positive phase, is clearly seen. It is also observed that for SP-
loaded line at around 1.4 GHz the angle of S21 is 0. Therefore, 
for the whole loop, an angle of 0 × 4 = 0 is obtained, and 
resonance occurs. Thus, miniaturization would be achieved. 

A conventional loop filter, with dimensions w1 = 0.4 mm, l 
= 14 mm, d1 = 1.4 mm, wport = 1 mm, wfeed = 0.4 mm, gfeed = 
0.2 mm, is designed and simulated using CST Microwave 
Studio, and the results are shown in the inset of Fig. 2. The 
resonance frequency is 3.24 GHz, which is compatible with 
the predicted result of 3.1 GHz from S21 curve.  
Then, all four arms of the filter are loaded by SP 
metamaterials, and simulation results of insertion loss with 
varying the width of the SP cells “b” is shown in Fig. 3. It is 
observed that, due to applying SP resonators, some additional 
resonances are introduced in the filter response. It is noted 
that introducing SP cells, with b=4 mm, also results in 
considerable bandwidth improvement from 7% (3.13 GHz-
3.27 GHz) to 13.4% (2.58 GHz-2.95 GHz). It is obvious that 
by changing parameters of SPs, the frequency of resonances 
varies, and larger values of SP cells results in more resonance 
frequency reduction. 
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          (a)                                             (b) 
Fig. 5. (a) The fabricated filter, (b) measurement setup.  
 
 
 

                                                                               
 
 
 
 
      
 
 
 
 
Fig. 6. Simulated and measured S-parameters of the fabricated filter.     

 
 

TABLE 1 
DIMENSIONS OF THE FINAL STRUCTURE  

parameter Value, 
mm 

parameter Value, 
mm 

parameter Value, 
mm 

l 14 a 4 wf 0.2 
w1 0.8 b 3.3 gf 0.1 

wline 0.2 d 0.1 lf1 6 
lline 0.1 w 0.2 lf2 6 
wcut 0.1 g 0.2 wspu 0.2 
wport 1 wfl 0.1 lspu 13 

 
     As mentioned, through the insertion of a gap in the loop 
resonator frequency reduction would have resulted. Thus, to 
further compactness of the proposed filter, SP cells are 
applied to the loop resonator loaded by a gap. Then, to 
provide stronger coupling to the feed and improving insertion 
loss, buried feed is applied [14]. Finally, in order to enhance 
the filter matching, a slot is included in two arms of the filter. 
The final structure is shown in Fig. 4 and the dimensions are 
listed in Table 1. 

  

IV. MEASUREMENT RESULTS 

The proposed final filter is fabricated and tested using Agilent 
8722ES Network Analyzer in the laboratory of ITRC 
Research Institute. The filter prototype, as well as the 
measurement setup, are shown in Fig. 5. Scattering 
parameters of the fabricated prototype are plotted in Fig. 6 
and compared with the simulated ones. As it is illustrated in 
the figure, measurement results confirm high miniaturization 
of the proposed design. The small discrepancy between the 
simulated and measured resonant frequencies is due to 
fabrication tolerances and the small gap that is created 
between the connector and the board. Simulated response of 
the final design is shown in the inset of Fig. 6. Rejection band 
is relatively wide, and the first undesired resonance occurs at 
2.86 GHz, which is approximately three times greater than 
the pass-band resonance frequency. 

 

TABLE 2 
COMPARISON WITH RECENT LITERATURE 

refere
nce 

year f0, GHz Size, ߣଷ  Normalized 
size (ߣଷ) 

[4] 2005 1.45 0.29 × 0.29 × 0.005 7.53 
[11] 2003 1.603 0.225 × 0.225 × 0.022 19.9 
[13] 2019 0.9 0.497 × 0.311 × 0.01 27 
[15] 2019 TX: 1.95 

RX: 2.14 
TX:0.205 × 0.092 × 0.0078 
RX:0.234 × 0.104 × 0.0085 

2.6 
3.7 

[16] 2018 2.12 0.198 × 0.143 × 0.0066 3.35 
[17] 2019 3.5 0.21 × 0.13 × 0.0136 6.64 
[18] 2010 A: 2.4 

B: 2.45 
0.116 × 0.115 × 0.006 0.108 × 0.116 × 0.0061 1.43 

1.37 
[19] 2018 6.85 0.408 × 0.332 × 0.116 281.3 
[20] 2019 7.45 0.68 × 0.24 × 0.029 84.7 
[21] 2015 1.8 0.19 × 0.15 × 0.0089 4.54 
[22] 2017 2.45 0.168 × 0.107 × 0.012 3.86 
This 
work 

 0.955 
 

0.092 × 0.092 × 0.0066 1 

 

With considering measured resonant frequency of 0.955	ݖܪܩ ߣ , = ఒబ = 151.69 and the fabricated filter 

occupies a compact volume of 14	 × 14	 × 1	݉݉ଷ =0.045	 × 0.045 × ଷߣ0.003  or 0.092 × 0.092 × ଷߣ0.0066 	 . 
The fabricated filter is compared with the designs of recently 
published works in Table 2. 

V. CONCLUSION 

    It has analytically been shown that loading microstrip lines 
by MTM resonators has provided resonant frequency 
reduction for one wavelength loop resonators. This feature 
has been used to design and fabricate compact microstrip 
open loop filters. Spiral MTM cells, due to compactness 
compared to SRR cells, have been applied. In order to further 
enhance filter insertion loss and matching, buried feed and an 
included slot on two of the resonator arms have been applied. 
The proposed design has been fabricated and tested. 
Measurement results have confirmed the compactness and 
effectiveness of the designed filter.  
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