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Abstract 

This paper is focused on the design of bandpass filters based on open complementary split 

ring resonators (OCSRRs) in microstrip technology. The filters are obtained by coupling 

the corresponding shunt resonators (OCSRRs) through admittance inverters (quarter 

wavelength transmission line sections). Different undesirable effects derived from the 

chosen topology are taken into account and are compensated at the design level. These 

effects include the reduction in bandwidth (caused by the narrowband functionality of the 

line sections acting as admittance inverters), and the presence of a spurious band above 

the filter pass-band. The proposed technique is based on the well-known aggressive space 

mapping (ASM) algorithm, which is a powerful tool for the synthesis and design of 

microwave components. The design of the OCSRR-based filter is provided in a fully 

automated way as the main result of this paper. 

Keywords: space mapping, OCSSRs, artificial transmission lines, bandpass filters, 

microstrip technology. 

1. Introduction 

Bandpass filters are present in numerous RF/microwave applications (communications, 

radar or measurement systems). The design of conventional filters, as it is widely reported 

in the literature [1], is commonly done by applying network synthesis methods, combined 

with the use of full-wave electromagnetic (EM) solvers (due to the lack of accuracy of 

the circuit models). However, the classical design approach (network synthesis) is not 

valid for the case of wideband filters, due to the narrowband behavior of the real inverters 

that yields to a bandwidth reduction in practice. Having this in mind, an automated 

strategy that overcomes that effect by adding a previous stage is proposed. It consists in 

calculating the lumped element values of a filter that allows its corresponding schematic 

to satisfy the wanted specifications, see Section 4. Starting from the electrical 

performance of the filter defined in terms of fractional bandwidth (FBW), in-band ripple 
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level (Lar), center frequency (f0), and filter order (n), the final dimensions of the filter 

geometry are determined.  

The filters synthesized in this work are implemented in microstrip technology using 

open complementary split ring resonators (OCSRRs) coupled through admittance 

inverters (in practice quarter-wavelength transmission lines), see Fig. 1. OCSRRs are a 

particular type of electrically small planar resonators [2-3]. By loading a microstrip line 

with shunt connected OCSRR an LC tank behavior with an additional transmission zero 

is achieved (see Fig. 2). This is a very interesting property for filter applications in order 

to increase the selectivity of the filter, see more details in Section 2. 

The present contribution is an improvement of a preliminary work [4]. Both works 

synthesize the same type of bandpass filters and use space mapping (SM) algorithms [5-

6] to determine the OCSRR unit cell layout. SM algorithms are a set of techniques that 

provide a smart way to automate microwave design by typically combining the accuracy 

of a fine model (typically an EM field simulation) with the speed of a coarse model (e.g. 

equivalent circuit model). This allows to obtain the optimal design, without a direct 

optimization of the fine model and hence improving the efficiency. 

In this paper, a more accurate design approach, with respect to that one used in [4], is 

proposed. It uses a two-step algorithm, similarly to the one recently published in [7], 

where stepped impedance resonators (SIRs) and grounded stubs were used instead of 

OCSRRs. The first optimization stage finds the optimal schematic that satisfies the 

requested specifications (taking into account the narrow band functionality derived from 

the use of inverters based on real transmission lines), while the second determines the 

final dimensions of the different involved resonators. Furthermore, in this contribution, 

the undesired spurious band that is present in this type of filters, located at 2f0 (being f0 

the central frequency of the filter), is suppressed (see references [4], [8-9]). The method 

is validated with two different examples. For the first example, a bandpass filter of order 

n=3, was designed, manufactured and measured. In the second example a filter of higher 

order (n=5) was simulated and compared with the optimal circuit response to show the 

validity and potentiality of this methodology. 

2. Topology of the proposed bandpass filters based on OCSRRs 

The filters synthesized in this work are based on shunt resonators (equivalent circuit 

model of OCSRRs) coupled through admittance inverters. The general configuration of a 

bandpass filter using admittance inverters is shown in Fig. 1.a, as reported in [1]. The 

inverters are implemented by transmission lines sections with 900 phase shift at f0. 



 

Fig 1. - Generalized bandpass filter network (a). Particularized design for the filter implemented 

with OCSRRs of order n=3 (b). 

In the case of considering identical admittance inverters, i.e. J0,1=…=Jn,n+1=J, the 

susceptance slope parameter (bi) of each cascaded section i can be directly calculated, 

using the following expressions [1]: 

 𝑏1 =
𝐽0,1

2 𝛺𝑐  𝑔0𝑔1
𝑌0 𝐹𝐵𝑊

 (1) 
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𝐽𝑖,𝑖+1

2 𝛺𝑐 
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𝑏𝑖  𝐹𝐵𝑊2
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 (3) 

being gi the element values of a Chebyshev lowpass prototype filter of order n, which 

presents a passband ripple of Lar dB, a fractional bandwidth FBW and cutoff frequency 𝛺𝑐 . 

The terms Y0 and Yn+1 correspond to the input and output impedance respectively, and in 

that topology are set equal to the characteristic admittance of the quarter-wavelength 

transmission lines that act as inverters. 

 
Fig 2. - OCSRR shunt connected to microstrip line. Unit cell layout (a), equivalent circuit (b), and 

frequency response of S-parameters magnitude (c). 

The equivalent circuit model corresponding to a shunt-connected OCSRR in a 

microstrip line is illustrated in Fig. 2.b and also in Fig. 1.b (where the general topology 

of each resonator has been replaced with the one of an OCSRR). Basically, the OCSRR 



is modeled by the LC tank of inductance and capacitance Lp and Cp, respectively, while 

Lsh models the presence of the strip between the inner metallic region of the OCSRR and 

the signal strip of the host line where the ports are attached (denoted as In and Out in the 

layout depicted in Fig. 2.a). This cell, as graphically illustrated in Fig. 2.c, exhibits a 

passband response followed by a stop-band. Two different frequencies can be clearly 

identified: the one at which the transmission zero appears (fz), and the reflection zero 

frequency (f0). Therefore, the value of the fz can be easily derived from the circuital model 

(Fig. 2.b), as the one that makes the shunt impedance to be zero: 

 𝜔𝑧 = 2𝜋𝑓𝑧 = √
1

𝐶𝑝
∙ (
1

𝐿𝑝
+
1

𝐿𝑠ℎ
) (4) 

while the reflection zero appears when the shunt admittance is equal to zero: 

 𝜔0 = 2𝜋𝑓0 = 
1

√𝐿p𝐶p
 (5) 

The resulting susceptance of the resonator considered can be also calculated as: 

 𝐵 =  
𝜔2𝐿𝑝𝐶𝑝 − 1

𝜔(𝐿𝑠ℎ𝐿𝑝𝐶𝑝𝜔2 − 𝐿𝑠ℎ − 𝐿𝑝)
 (6) 

The slope parameter b is defined for every filter section i (see [1]) as: 

  𝑏𝑖 =
𝜔0
2

𝑑𝐵𝑖
𝑑𝜔
|
𝜔=𝜔0

 (7) 

being ω0 the angular central frequency of the filter. So, the slope parameter inferred for 

this type of resonator is equal to (1 𝜔0𝐿𝑝𝑖⁄ ). Hence, the equivalent lumped element 

values can be obtained straight forward from the angular frequencies ωz and ω0 defined 

in (4)-(5), and the corresponding values bi previously calculated with equations (1)-(3), 

applying the following expressions: 

 𝐿𝑝𝑖 =
1

𝜔0𝑏𝑖
 (8) 

 𝐶𝑝𝑖 =
1

𝜔02𝐿𝑝𝑖
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𝑏𝑖
𝜔0

 (9) 

 𝐿𝑠ℎ𝑖 =
𝐿𝑝𝑖

𝜔𝑧2 − 𝜔02
∙ 𝜔0

2 =
𝜔0

𝑏𝑖 ∙ (𝜔𝑧2 − 𝜔02)
 (10) 

All the resonators must be designed to have the same transmission zero (fz); otherwise 

a spurious band may appear above the passband. Usually this value is considered to be 

2f0, since it is where the unwanted passband commonly appears in this kind of structures 

due to the non-ideality of the inverters. This issue was not considered in previous works 



[4, 9], and it is relevant for obtaining a better filter performance. The typical topology and 

circuit schematic of the considered bandpass filter are depicted in Fig. 3.  

Let us consider as case of study the filter with the specifications summarized in      

Table 1. The circuital values obtained for this filter considering equal line sections of 

characteristic admittance Ji,i+1 = 0.02 S (50 ohms), are summarized in Table 2, and the 

frequency response is represented with a black solid line in Fig. 4. 

Table 1.- Filter specifications 

 
Lar FBW Central frequency fo Order(n) 

Chebyshev Filter 0.01dB 23% 2GHz 3 

 

 

Fig 3. - Schematic of the proposed bandpass filters (a). Typical topology for an order-3 filters (b). 

If ideal inverters (see Fig. 3.a) are replaced by 50-Ω quarter wavelength transmission 

line sections at the central frequency f0, the filter does not meet the specifications. This is 

due to the limited functionality of these transmission lines as admittance inverters (just 

valid in a narrow band range). In order to achieve a filter response closer to the ideal one, 

an optimization at the schematic level should be performed (see Section 4), before 

proceeding to find the resonator dimensions. 

Table 2.- Values obtained for the filter specifications of Table 1 (fz[GHz]=4, 𝑱𝒊,𝒊+𝟏[𝐒]|𝐢=𝟎 𝐭𝐨 𝟑=0.02) 

 Lpi [nH] Cpi [pF] Lshi[nH] 

Resonators  i=1, 3 1.4545 4.3539 0.5190 

Resonator  i=2 0.9432 6.7142 0.3365 



 

Fig 4. - Comparison between the scattering parameters response (in magnitude) of: the ideal 

schematic of Chebyshev model (Fig. 1.b), and the ideal schematic where the inverters are replaced 

with quarter-wavelength transmission lines (Fig. 3.a) 

3. General formulation of aggressive space mapping (ASM) 

The methodology proposed in Section 4 for the synthesis of the considered filters is based 

on aggressive space mapping (ASM) [10], and hence the general formulation is given 

next for completeness. It is assumed that for any optimization based on space mapping, 

there are two different models that can describe the same physical system/structure. An 

expensive model of primary interest (known as fine model), and a cheaper (denoted 

coarse model) which is less accurate but much faster. The key idea is to find the 

transformation P which relates the parameters of the fine model (vector xf) with the 

parameters of the coarse model (vector xc): 

 𝐱𝐜 = 𝐏(𝐱𝐟) (11) 

such that the responses of the two models (Rc and Rf ) are equal in the region of interest: 

 𝐑𝐜(𝐏(𝐱𝐟)) ≈ 𝐑𝐟(𝐱𝐟) (12) 

In the case of EM applications, the magnitude of a transfer function at certain 

frequency range (e.g. |S21|) is usually chosen as responses. Focusing on the considered 

approach, called ASM, the solution is found iteratively by solving the following non-

linear system: 

 𝐟(𝐱𝐟) = 0 (13) 

where  

 𝐟(𝐱𝐟) = 𝐏(𝐱𝐟) − 𝐱𝐜
∗ (14) 

being xc
* the target coarse model vector. Let us assume that xf 

(j) is the solution of (13) at 

the j-th iteration. The next iterate xf 
(j+1) is found by applying a quasi-newton step h(j): 



 𝐱𝐟
(𝐣+𝟏) = 𝐱𝐟

(𝐣) + 𝐡(𝐣) (15) 

where h(j) is calculated according to: 

 𝐁(𝐣) ∙ 𝐡(𝐣) = −𝐟(𝐱𝐟
(𝐣)) = −𝐟(𝐣) (16) 

and being B(j) the mapping matrix, which is an approximation of the Jacobian matrix of 

the vector f with respect to xf at the j-th iteration. At each iteration, this mapping matrix 

is updated according to the expression: 

 𝐁(𝐣+𝟏) = 𝐁(𝐣) +
𝐟(𝐣+𝟏)𝐡(𝐣)

𝐓

𝐡(𝐣)
𝐓
𝐡(𝐣)

 
(17) 

where the super-index T stands for transpose. The algorithm iterates till the error of the 

norm of the error function f defined in (14) is smaller than a fixed small positive constant 

η (η→0), or the maximum number of iterations of the algorithm Nmax is reached. 

4. The automated synthesis method 

The optimization is performed in two different stages. At the first stage, the target circuital 

parameters values from the circuital model of Fig. 3.a) are determined. These parameters 

provide a response that satisfies the target specifications in a good approximation. Next, 

with the second ASM based optimization, a practical physical solution is found, i.e. the 

geometrical dimensions of the different resonators are calculated.  

4.1.First stage: determination of the optimal schematic 

Following the terminology of space mapping, the coarse model for this first ASM is the 

generalized bandpass filter network based on shunt resonators coupled through “ideal” 

admittance inverters. The equations which describe univocally this coarse model are the 

classical formulas of a Chebyshev filter using admittance inverters and shunt LC 

resonators. The coarse model vector xc is composed then by the set of specifications of 

the Chebyshev filter: fo_c, FBWc and Lar_c, which brings the ideal Chebyshev response. It 

is worth mentioning, that the transmission zero frequencies originated by the OCSRRs 

are fixed to fz=2f0 (a different value could be chosen, but once fixed it will remain 

constant, i.e. it will not be considered an optimization parameter by itself). 

On the other hand, the optimal schematic (used as fine model) is obtained substituting 

the ideal inverters by real transmission lines (quarter wavelength) and the ideal shunt 

resonators with the equivalent circuit of the OCSRRs as shown in Fig. 3.a. The vector (xf) 

that defines that model, has a similar set of parameters: fo_f, FBWf , Lar_f. The target 

specifications of the filter are the ones given for the ideal Chebyshev filter: xc
*= [fo_c

*, 

FBWc
*

, Lar_c
*]. The lumped parameters which define each resonator i (Lpi, Cpi and Lshi) are 

automatically obtained from the new set of performance parameters (f0, FBW and Lar) 

found with the ASM-based algorithm. 



According to the general flowchart of ASM, the first step is to infer the initial point 

xf
(1), that in this case is assumed to be xf 

(1) = xc
*, since the same type of parameters are 

considered for both spaces. By evaluating xf 
(1) (i.e. schematic simulation) it is also easy 

to obtain xc
(1) by parameter extraction, and as result the error function is evaluated for the 

first iteration using expression (14). Next issue is the initialization of the mapping matrix, 

calculated according to: 

 𝐁(𝟏) =

(

 
 
 
 

𝛿𝐹𝐵𝑊𝑐
𝛿𝐹𝐵𝑊𝑓
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𝛿𝑓0_𝑐
𝛿𝑓0_𝑓 )

 
 
 
 

 (18) 

The initial matrix is obtained after applying the perturbation constants over each of 

the considered parameters. Afterwards, the normal evolution of the ASM algorithm is 

followed, till the algorithm finishes, i.e. when the norm given by: 

 ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ = √(1 −

𝑓0_𝑐
(𝑗)

𝑓0_𝑐
∗)

2

+ (1 −
𝐹𝐵𝑊𝑐

(𝑗)

𝐹𝐵𝑊𝑐∗
)

2

+ (1 −
𝐿𝐴𝑟_𝑐
(𝑗)

𝐿𝐴𝑟_𝑐
∗)

2

 (19) 

is sufficiently small or the maximum number of iterations is achieved. At the end of this 

process, the optimal filter schematic is obtained: Lpi, Cpi and Lshi. Note that the optimal 

schematic is just a rough approximation of the ideal Chebyshev filter and that we have 

called quasi-Chebyshev filter. For instance, the position of the reflection zeros 

frequencies is not the same in both responses. The reason is that these frequency positions 

are not goals in the optimization process, and the optimization is done trying to preserve 

the requested fractional bandwidth.  

4.2.Second stage: layout determination (OCSRRs) 

In the second ASM-optimization, the fine model is the physical model (EM-model) of the 

OCSRR depicted in Fig. 2.a, while the coarse model is given by its equivalent circuit of 

Fig. 2.b, whose values are found in the previous stage. The same numbers of parameters 

are considered in both spaces (i.e. validation and optimization spaces) because the 

mapping matrix B of the ASM algorithm needs to be inverted, and in such a case we 

prevent the algorithm from potential instabilities. Only three of the geometrical 

dimensions are chosen as design variables, and the other ones are either expressed as a 

function of the previous ones or taken as constant values (in this case c is fixed to 0.20mm 

and the via diameter to 0.4mm). The circuit parameters that electrically model the 

resonator constitute the coarse vector: xc = [Lp, Cp, Lsh]. On the other hand, the fine model 

is described by the radius of the outer open-ring (rext), the distance between the slots of 

width c (i.e. d), and the width of the inner strip that opens the outer ring (e), xf = [rext, d, 

e]. The initial layout xf
(1) is inferred from the target vector xc

* by means of analytical 



formulas [11-12] which relate the electrical parameters and the geometrical dimensions. 

The final layout is obtained when the normalized error function, given by: 

 ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ = √(1 −

𝐿𝑝
(𝑗)

𝐿𝑝∗
)

2

+ (1 −
𝐶𝑝
(𝑗)

𝐶𝑝∗
)

2

+ (1 −
𝐿𝑠ℎ
(𝑗)

𝐿𝑠ℎ
∗ )

2

 (20) 

is considered sufficiently small (<2%). The mapping matrix B is initialized by slightly 

perturbing OCSRR dimensions (rext, d and e) and obtaining the values of Cp, Lp and Lsh 

from parameter extraction. More details about this second algorithm can be found in [4]. 

5. Design examples 

Two different examples are shown to illustrate and validate the method: order 3 and order 

5 bandpass filters. The first example has been also manufactured and measured. The 

considered substrate is the commercial Rogers RO3010 with thickness h= 0.254mm and 

dielectric constant εr =10.2. Even though it is not possible to perfectly match the 

Chebyshev (target) response by replacing the ideal admittance inverters with transmission 

line sections, it is possible to find a very good approximation. 

5.1. Order-3 Filter 

Applying the first developed ASM algorithm to the example of Table 1, the corresponding 

fine parameters are inferred (see Table 3). Only four iterations are needed for their 

determination. 

Table 3.- Over-dimensioned filter specifications (output of first ASM) 

Lar_f [dB] FBWf fo_f [GHz] 

0.0267 36.79% 2.0571 

The circuit element values that define the optimal filter schematic (individual 

OCSRRs) are shown in Table 4. The agreement in terms of central frequency and 

bandwidth is good, as it is graphically illustrated in Fig. 5 (compare the circuital 

schematic responses corresponding to grey and blue dotted lines traces). 

Table 4.- Electrical parameters for the optimal filter schematic (Fig. 3.a) 

 Lpi [nH] Cpi [pF] Lshi[nH] 

Resonators  i=1, 3 1.8529 3.2305 0.6176 

Resonator  i=2 1.3363 4.4794 0.4454 



 
Fig 5.- Frequency response of the designed bandpass filter: EM simulation (black solid line), 

circuital simulation of ideal Chebyshev filter (grey line), and optimal-schematic (blue dotted line). 

Using the ASM-based synthesis tool, the dimensions of the OCSRRs are determined 

as it is summarized in Table 5 and Table 6. The width of the slot rings (c) was fixed to 

0.2mm. It is worth mentioning that the total effort in terms of full-wave EM simulations, 

is 12 (9 iterations of the ASM algorithm, plus 3 EM corresponding to the mapping matrix 

initialization B(1)).  

Table 5.- Fine parameters for the initial and final layout, number of iteration needed and errors  

Resonator 1,3 rext[mm] d[mm] e[mm] It. No ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ f0[GHz] fz[GHz] 

Initial layout 3.450 1.399 0.270 1 2.0764 0.928 2.085 

Final layout 2.123 0.860 0.338 9 0.0163 2.058 4.136 

 

Table 6.- Fine parameters for the initial and final layout, number of iterations needed and errors 

Resonator 2 rext[mm] d[mm] e[mm] It. No ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ f0[GHz] fz[GHz] 

Initial layout 3.50 0.862 0.483 1 2.2023 0.819 2.167 

Final layout 2.419 1.445 0.944 7 0.0071 2.062 4.114 

The magnitude response of the scattering parameters of the central resonator (i = 2) 

is depicted in Fig. 6 (circuital and electromagnetic responses), giving an error under 1% 

according to Table 6. 



 
Fig 6.- Frequency response of the central resonator (i=2): circuital  simulation(dashed line) and the 

EM response of the found synthesis (solid line). Layout of the resonator is also shown. 

Once each resonator cell has been synthesized, the cells are simply cascaded with the 

transmission line sections in order to generate the final filter layout. The length of the 

transmission line sections (to implement the inverters) is obtained automatically by a line 

calculator (provided by the software), which can be considered a quite good 

approximation. The dimensions provided by the Ansys Designer for a 50  line (electrical 

length of 90º) for the considered substrate (Rogers RO3010) at the frequency of interest 

fo_f  are: length l = 14.705mm and width w = 0.221mm. It is expected that the presence of 

the resonator can add some extra phase shift that was not initially considered (i.e. 

electrical length slightly different of 90º at the central frequency), and can have some 

effect in the in-band return loss lobe levels. To minimize that effect, an optimization of 

the line width should be performed to present a 90 degrees electrical length at the central 

frequency of the filter (as considered in the order-5 filter example). In Fig. 7, it is 

represented the lossless electromagnetic response of the filter (red dashed line) which is 

very close to the target response given by the optimized schematic (blue dotted line), and 

also to the Chebyshev target (grey solid trace). The agreement between the target 

(schematic) response and the electromagnetic simulation of the synthesized layout (losses 

are not included) is in reasonable agreement. Since the unit cells are already sufficiently 

spaced, coupling effects are not observed. 



 
Fig 7.- Comparison between the frequency response of the manufactured filter (solid black line), 

optimal-schematic (blue dotted line) and EM lossless response (red dashed line).  

The filter was fabricated with an LPKF ProtoMat HF-100 drilling machine, being the 

layout depicted in Fig. 8. The measured response illustrated in Fig. 7 is also in reasonable 

agreement with the full-wave EM simulation data. Obviously there are differences 

between simulation and measurements, but using “in-house” manufacturing technology, 

together with the employed thin substrate (0.254mm), it is very difficult to preserve the 

exact location and number of reflection zeros, as well as the frequency value for the 

achieved transmission zero. 

 
Fig 8.- Photograph of the manufactured filter. 

5.2.Order-5 Filter 

The second filter example is a filter of higher order bandwidth, described by the 

specifications of Table 7. In this case the dimensions of three different resonators have to 

be determined. 

Table 7.- Filter specifications 

 
Lar FBW Central frequency (fo) Order(n) 

Chebyshev Filter 0.05dB 42% 2GHz 5 

The optimal filter specifications, meaning the fine parameters for the optimal 

schematic filter, are summarized in Table 8. The first ASM algorithm converged in just 

5 iterations. 



Table 8.- Over-dimensioned filter specifications (output of first ASM) 

Lar_f [dB] FBWf fo_f [GHz] 

0.6699 0.0796 2.072 

The circuit element values that correspond to the calculated optimal filter schematic 

(individual OCSRRs) are shown in Table 9. 

Table 9.- Electrical parameters for the target filter schematic 

 Lpi[nH] Cpi [pF] Lshi[nH] 

Resonators  i=1,5 2.3512 2.5077 0.7837 

Resonators  i=2,4 1.8701 3.1527 0.6234 

Resonator  i=3 1.3376 4.4078 0.4459 

Following the same design strategy explained before, the dimensions for the different 

resonators are calculated by applying ASM to the different resonators, yielding to the 

layout of the filter illustrated in Fig. 9. In this case, the transmission line sections are 

calculated for presenting a 50 Ω behavior at the central frequency with the planar EM 

solver optimizer (just the width of the line). The values obtained for the different 

resonators are summarized in tables 10-12. As in the previous example, note that the table 

shows the number of iterations of ASM-simulation, but the cost in evaluations of the fine 

model is the number of iterations plus three (which is the number of simulations that are 

needed to estimate the initial mapping matrix B(1)).  

 
Fig 9.-Layout of the synthesized 5-order filter (top).  

Table 10.- Fine parameters for the initial and final layout, number of iterations needed and errors  

Resonators 1,5 rext[mm] d[mm] e[mm] It. No ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ f0[GHz] fz[GHz] 

Initial Layout 3.250 0.940 0.250 1 2.3957 0.980 2.199 

Final Layout 1.841 0.511 0.121 7 0.0147 2.077 4.156 

 

Table 11.- Fine parameters for the initial and final layout, number of iterations needed and errors 

Resonators 

2,4 
rext[mm] d[mm] e[mm] It. No ‖𝐟𝐧𝐨𝐫𝐦

(𝐣)‖ f0[GHz] fz[GHz] 

Initial Layout 3.250 1.089 0.265 1 2.188 0.930 2.046 

Final Layout 2.094 0.828 0.316 8 0.0067 2.074 4.150 

 

Table 12.- Fine parameters for the initial and final layout, number of iterations needed and errors 

Resonator 3 rext[mm] d[mm] e[mm] It. No ‖𝐟𝐧𝐨𝐫𝐦
(𝐣)‖ f0[GHz] fz[GHz] 

Initial Layout 3.250 1.089 0.265 1 2.188 0.930 2.046 

Final Layout 2.094 0.828 0.316 8 0.0067 2.074 4.150 



 

Fig 10. - Frequency response of the designed bandpass filter: EM simulation (black solid line), 
optimal schematic (dotted line), circuital simulation of ideal filter (grey dashed line). 

In Fig. 10 we compare the simulated responses for the equivalent circuits 

corresponding to an ideal Chebyshev filter, our optimal schematic and the full-wave EM 

simulation of the designed filter. The frequency responses are rather similar, even though 

the level of the first lobe of the return losses (|S11|) is above the desired value. To some 

extent, it can be attributed to the fact that the line sections do not have exactly 50 ohms, 

and to the phase shift contribution from each OCSRR resonator. 

6. Conclusions 

In conclusion, ASM is proved to be a powerful tool for the synthesis of wide-band filters 

based on OCSRRs in microstrip technology. The methodology has been validated with 

the complete design of 2 filter prototypes (one of order 3 and the other of order 5). The 

first filter example has been fabricated, and measurements agree well with the simulated 

data. It is relevant to comment that the proposed two-step ASM algorithm finds the layout 

of the complete filter, starting from the target specifications, in a completely automated 

way. 
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