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Abstract 

With the large-scale commercialization of 5G and rapid evolution of 6G wireless systems, planar 
interdigital bandpass filters (BPFs) have become the core passive components for low-power RF 
front-ends. However, state-of-the-art filter design methods either rely heavily on empirical trial-
and-error with 8–10 simulation iterations, or fail to resolve the inherent trade-off between center 
frequency tuning and stopband performance degradation, which cannot meet the demands of rapid 
customized design for 5G/6G multi-band scenarios. In this paper, a symmetric five-resonator three-
segment patch-type interdigital BPF is taken as the research object. Through theoretical derivation, 
full-wave electromagnetic simulation, parametric scanning and orthogonal experiments, the 
quantitative mapping between structural parameters and filter performance is established. Notably, 
the directional tuning mechanism of the resonator’s narrow segment width on the first stopband is 
first revealed, which realizes lossless stopband optimization without disturbing the center 
frequency. On this basis, a three-stage standardized design procedure is proposed, which reduces 
design iterations from 8–10 to 3, shortens the design cycle by over 70%, and achieves 100% 
compliance of core design indexes. This work provides an implementable, low-threshold 
engineering method for rapid customized design of planar interdigital BPFs for 5G/6G RF front-
ends. 

Keywords: interdigital bandpass filter; 5G/6G RF front-end; parametric tuning mechanism; full-
wave electromagnetic simulation; coupling coefficient; standardized design procedure 

 

1. Introduction 

With the large-scale commercialization of fifth-generation (5G) mobile communications and the 
accelerated evolution of sixth-generation (6G) wireless technology, RF front-end systems are evolving 
rapidly towards miniaturization, high integration, multi-band compatibility, and rapid customized 
deployment [1]. As a core passive component in RF front-ends, microwave bandpass filters undertake 
the critical functions of target spectrum selection, out-of-band spurious suppression, and anti-
interference protection, whose performance directly determines the signal receiving sensitivity, 
spectrum utilization efficiency, and operational stability of wireless communication systems [2]. For 
5G/6G Massive MIMO systems with dense spectrum planning in Sub-6GHz and millimeter-wave 
bands, the exponentially increased number of RF channels puts forward unprecedented stringent 
requirements on filters: not only compact size, low insertion loss and high stopband rejection, but 
also high-precision, fast and low-threshold customized design capability to adapt to multi-scenario 
deployment. 

Patch-type interdigital bandpass filters have become the preferred solution for low-power 
5G/6G RF front-ends due to their compact structure, high coupling efficiency, low insertion loss, and 
easy integration with planar microstrip circuits [3]. However, the filtering performance of such filters 
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is highly sensitive to geometric parameters, and the coupling relationship between structural 
parameters and multi-dimensional performance indexes is extremely complex. Traditional design 
methods rely heavily on the empirical trial-and-error of engineers, which usually requires 8–10 
simulation iterations to complete index optimization. This design mode has strong blindness in 
parameter tuning, great difficulty in multi-index collaborative optimization, and long design cycle, 
which has been unable to meet the rapid customized design requirements of 5G/6G RF front-ends. 

Domestic and foreign scholars have carried out extensive research on the design and 
optimization of patch-type interdigital bandpass filters, which can be systematically divided into 
three categories, and the core research gaps of each category are clarified as follows: 

Classical theoretical research on uniform-width resonators: The classical theoretical framework 
of microstrip interdigital filters was first established by Jagdish et al., which clarified the basic 
correlation between the structural parameters of uniform-width resonators, coupling coefficient and 
resonant frequency, laying the core theoretical foundation for such devices [4]. Subsequent studies 
further analyzed the tuning trend of single structural parameters on center frequency through single-
parameter scanning [5]. However, these classical theories are only applicable to uniform-width 
resonators. For the three-segment tapered non-uniform resonators widely used in current 
engineering, the influence mechanism of multi-segment geometric parameters on filtering 
performance has not been systematically revealed, and the quantitative mapping between structural 
parameters and core performance indexes has not been fully clarified, resulting in the lack of rigorous 
theoretical guidance for parameter tuning in engineering design. 

Device performance optimization through topological modification: Existing studies mainly 
focus on miniaturization design through folded resonator structure [6], and multi-band function 
expansion through multi-segment resonator design [7]. Some studies also optimize stopband 
characteristics through defected ground structure and source-load coupling technology [8–16]. 
However, these optimization methods all rely on global topological modification of the filter, which 
will inevitably change the passband center frequency and coupling characteristics while optimizing 
the stopband performance. There is no research on the directional tuning mechanism of stopband 
attenuation that does not disturb the fundamental resonant mode, which cannot solve the core 
coupling contradiction between center frequency tuning and stopband performance degradation in 
traditional design. 

Filter design methodology research: Traditional filter synthesis theory can only provide initial 
topological parameters, and still requires a large number of empirical iterations for multi-index 
collaborative optimization, which is highly dependent on the experience of engineers [17,18]. In 
recent years, emerging machine learning-aided design methods have been applied to filter fast design, 
but such methods are black-box models, which require a large number of data sets for training, have 
insufficient generalization ability for customized design of different frequency bands and topologies, 
and cannot provide interpretable physical guidance for parameter tuning [19–21]. At present, there 
is no standardized, non-empirical, interpretable directional design process for interdigital filters, 
which is difficult to adapt to the rapid customized design requirements of 5G/6G multi-band 
scenarios. 

To address the above three core research gaps and engineering pain points, this paper takes a 
symmetric five-resonator three-segment patch-type interdigital bandpass filter as the research object, 
and carries out systematic research through the combination of theoretical derivation, CST full-wave 
electromagnetic simulation, single-parameter scanning and multi-parameter orthogonal experiments. 
The core innovations of this paper, which correspond to the above research gaps one by one, are as 
follows: 

The resonance theoretical framework of the three-segment tapered non-uniform interdigital 
resonator is corrected, the difference in tuning sensitivity of each segment length on the center 
frequency is quantified, and the quantitative mapping relationship between key structural 
parameters and core performance indexes of the filter is established, which fills the theoretical gap of 
non-uniform interdigital resonator design[22,23]. 
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The directional tuning mechanism of the resonator’s narrowest segment width on the first 
stopband is revealed for the first time. It is verified that the adjustment of this parameter has little 
effect on the fundamental resonant mode (passband center frequency), but has a significant 
directional regulation effect on the 3rd high-order resonant mode that determines the first stopband, 
which solves the core coupling contradiction between frequency adjustment and stopband 
performance degradation in traditional design[24]. 

A three-stage standardized directional design procedure of “center frequency coarse tuning - 
stopband and bandwidth optimization - impedance matching fine tuning” is constructed based on 
the parameter tuning priority and safety boundary, which transforms the traditional empirical blind 
trial-and-error into interpretable directional optimization, and gets rid of the strong dependence of 
filter design on engineers’ experience. 

The rest of this paper is organized as follows: Section 2 introduces the topology of the three-
segment patch-type interdigital filter and derives the corrected fundamental theoretical model of the 
non-uniform resonator. Section 3 establishes the full-wave electromagnetic simulation model of the 
filter and designs the complete parametric experimental scheme. Section 4 systematically analyzes 
the influence mechanism of each structural parameter on filter performance and quantifies its 
mapping law. Section 5 constructs the three-stage standardized design procedure and verifies its 
engineering effectiveness through design examples, simulation and physical measurement. Section 6 
discusses the theoretical value, engineering application scope and limitations of this work. Section 7 
summarizes the core conclusions and prospects the follow-up research directions. 

2. Filter Topology and Fundamental Theoretical Analysis 

This chapter clarifies the topology and core design parameters of the research object. Based on 
microwave transmission line theory, odd-even mode coupling theory and filter synthesis theory, the 
quantitative theoretical correlation between structural parameters and core performance indexes of 
the filter is established, and the theoretical adaptability problem in traditional interdigital filter design 
is corrected, which lays a rigorous theoretical foundation for subsequent parametric simulation, 
influence mechanism revelation and standardized design process construction. 

2.1. Topology Structure of the Three-Segment Patch-Type Interdigital Bandpass Filter 

2.1.1. Overall Topology Composition 

The patch-type interdigital bandpass filter studied in this paper adopts a symmetric five-
resonator three segment tapered topology, whose 3D structure and planar topology are shown in 
Figure 1. The structure is designed based on planar microstrip transmission line, with Rogers 
RO4350B high-frequency dielectric substrate as the carrier. The lower surface of the substrate is a 
complete copper metal ground layer, and the upper surface is printed with 5 groups of three-segment 
rectangular resonant units with exactly the same structure and input-output feed structure. 

 
Figure 1. 3D structure of the filter. 
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The resonant units are symmetrically and alternately arranged along the transverse direction, 
forming a typical interdigital coupling structure. Adjacent resonators realize signal transmission and 
frequency-selective filtering through fringe field electromagnetic coupling. Compared with the 
parallel coupled line structure, the interdigital staggered arrangement can significantly increase the 
coupling overlap area of adjacent resonators, obtain higher coupling coefficient under smaller 
structural size, and take into account the design requirements of device miniaturization and narrow-
band high selectivity. The input and output ports of the filter adopt 50Ω standard microstrip line 
feed, and the feed points are symmetrically distributed at both ends of the topology, which can ensure 
the balanced excitation and reception of signals, and effectively reduce the adverse effect of port 
reflection on passband flatness and impedance matching performance. 

A single resonator adopts a three-segment width tapered design, which is divided into the 
widest segment, the second widest segment and the narrowest segment along the signal transmission 
direction. This non-uniform structure can independently adjust the resonant frequency of the 
resonator, the coupling strength between units and the high-order resonant mode by adjusting the 
geometric size of each segment, and realize the flexible optimization of passband characteristics and 
stopband rejection capability without changing the overall size of the device, which solves the 
problem of difficult collaborative optimization of passband and stopband performance of traditional 
uniform-width interdigital resonators. 

2.1.2. Standardized Definition of Core Structural Parameters 

To eliminate the ambiguity of parameter naming and ensure the reproducibility of the research, 
this paper adopts the general symbol system in the international microwave field to standardize the 
definition of the core structural parameters of the filter. The physical meaning, unit and reference 
value of all parameters are shown in Table 1. At the same time, the overall scaling factor 𝑘𝑘  is 
introduced, which can realize the equal proportion synchronous scaling of the full structure 
geometric size of the filter, and provide support for the rapid design of multi-band filters. 

Table 1. Standardized definition of core structural parameters of the filte. 

Symbol Physical meaning Unit 
Reference 
value 

𝑙𝑙1 Physical length of the widest segment of the 
resonator mm 4.8 

𝑙𝑙2 Physical length of the second widest segment of the 
resonator 

mm 4.4 

𝑙𝑙3 Physical length of the narrowest segment of the 
resonator mm 4.2 

𝑤𝑤1 Width of the widest segment of the resonator mm 2.3 

𝑤𝑤2 Width of the narrowest segment of the resonator mm 0.62 

𝑤𝑤3 Width of the second widest segment of the 
resonator 

mm 1.5 

𝑠𝑠1 Spacing between the first/last resonator and 
adjacent units 

mm 0.4 

𝑠𝑠2 Spacing between intermediate resonators mm 0.4 

𝑘𝑘 Overall structure scaling factor of the filter - 1.0 
𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Length of 50Ω feed microstrip line mm 5.0 
𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Width of 50Ω feed microstrip line mm 1.1 
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𝑅𝑅 Radius of metallized grounded via at the short-
circuit end of the resonator 

mm 0.3 

ℎ Thickness of dielectric substrate mm 0.508 

𝜀𝜀𝑟𝑟 Relative permittivity of the substrate - 3.48 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Loss tangent of the substrate - 0.0037 

2.2. Fundamental Resonance and Center Frequency Tuning Theory of Interdigital Resonator 

The center frequency of the filter is determined by the resonance characteristics of the resonator. 
The interdigital resonator adopted in this paper is a 1/4 wavelength microstrip resonant structure 
with terminal short circuit. The core resonance conditions and parameter-frequency correlation law 
are derived as follows. 

2.2.1. Resonance Principle of 1/4 Wavelength Microstrip Resonator 

For a microstrip line with terminal short circuit, the expression of its input impedance  𝑍𝑍𝑖𝑖𝑖𝑖 is: 
𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑗𝑗𝑍𝑍0𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡   (1) 

where 𝑍𝑍0  is the characteristic impedance of the microstrip line, and 𝜃𝜃  is the effective electrical 
length of the microstrip line, which is defined as: 

𝜃𝜃 = 2𝜋𝜋𝜋𝜋
𝜆𝜆𝑔𝑔

        (2) 
where 𝑙𝑙  is the physical length of the microstrip line, and 𝜆𝜆𝑔𝑔  is the guided wavelength of the 
microstrip line. 

When 𝜃𝜃 = 𝜋𝜋/2  (i.e., 𝑙𝑙 = 𝜆𝜆𝑔𝑔/4 ), 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 → ∞ , the input impedance of the resonator tends to 
infinity, and parallel resonance occurs. The corresponding signal frequency at this time is the natural 
resonant frequency 𝑓𝑓0  of the resonator, which is also the passband center frequency of the filter. 
Combined with the correlation between guided wavelength, light speed and frequency, the core 
expression of resonant frequency can be derived: 

𝑓𝑓0 = 𝑐𝑐
4𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒        (3) 

where 𝑐𝑐 = 3 × 108 m/s is the speed of light in vacuum, 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 is the total effective electrical length 
of the resonator, and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 is the effective permittivity of the microstrip line. 

The effective permittivity of the microstrip line is jointly determined by the substrate parameters 
and the microstrip line width, and its high-precision calculation formula is: 

𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑟𝑟+1
2

+ 𝜀𝜀𝑟𝑟−1
2
⋅ 1
�1+12ℎ/𝑤𝑤        (4) 

where ℎ is the thickness of the dielectric substrate, and 𝑤𝑤 is the width of the microstrip line. 
This formula clarifies the regulation law of the segment width of the resonator on the effective 
permittivity, and provides a theoretical basis for the design of width parameters. 

2.2.2. Tuning Theory of Segment Length on Center Frequency 

The total effective electrical length of the three-segment tapered resonator adopted in this paper 
is the superposition of the effective electrical length of the three-segment structure, namely: 

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,1 + 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,2 + 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3        (5) 
where 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,1, 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,2, 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3 are the effective electrical lengths of the widest segment, the second 

widest segment and the narrowest segment, respectively, whose values are jointly determined by the 
physical length 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 and the effective permittivity of the corresponding segment. 

However, the above linear superposition model only considers the main transmission line effect 
of each segment, and ignores the discontinuity effect caused by the impedance step between adjacent 
segments with different widths. For the three-segment tapered resonator in this work, the abrupt 
change of microstrip line width at the junction of the widest segment-second widest segment, and 
the second widest segment-narrowest segment will introduce fringe electric field and parasitic edge 
capacitance, which will increase the equivalent electrical length of the resonator. The deviation will 
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increase with the rise of the width ratio of adjacent segments. Therefore, the effective electrical length 
of the resonator needs to be corrected based on the classic microstrip discontinuity theory. 

According to the Hammerstad empirical formula, which is widely used in microwave 
engineering, the parasitic edge capacitance 𝐶𝐶𝑓𝑓  at the impedance step of microstrip line can be 
calculated by: 

𝐶𝐶𝑓𝑓 =
𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤
𝑐𝑐𝑍𝑍0

⋅
tanh�1.26�ℎ/𝑤𝑤�

2𝜋𝜋
 

where w is the width of the narrower microstrip line at the step junction, h is the thickness of 
the dielectric substrate, c is the speed of light in vacuum, 𝑍𝑍0 is the characteristic impedance of the 
narrower microstrip line, and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒  is the effective permittivity of the narrower microstrip line 
calculated by (4). 

The parasitic edge capacitance at the step junction can be equivalent to an additional electrical 
length Δ𝑙𝑙, and its quantitative conversion formula is: 

Δ𝑙𝑙 =
𝑐𝑐𝐶𝐶𝑓𝑓𝑍𝑍0
�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒

 

For the three-segment resonator in this paper, there are two impedance step junctions, 
corresponding to two additional electrical length correction terms Δ𝑙𝑙12 (between the widest and the 
second widest segment) and Δ𝑙𝑙23  (between the second widest and the narrowest segment). The 
corrected total effective electrical length of the resonator is: 

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,1 + 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,2 + 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3 + Δ𝑙𝑙12 + Δ𝑙𝑙23 
The corrected resonant frequency calculation formula can be obtained by substituting the above 

formula into (3). The accuracy of this correction model will be verified by the parametric scanning 
experimental results in Chapter 4. 

Combined with (3), the total effective electrical length of the resonator has a strictly linear 
negative correlation with the center frequency: increasing the physical length of any segment alone 
will increase the total effective electrical length, resulting in the center frequency shifting to the low 
frequency. Synchronous equal proportion adjustment of the three-segment length can realize linear 
regulation of the center frequency without changing the width ratio and coupling characteristics of 
the resonator, while avoiding the deterioration of passband and stopband performance. This theory 
provides core support for the scanning analysis of resonator length parameters and precise frequency 
regulation in the subsequent research. 

2.2.3. Frequency Tuning Theory of Overall Proportional Scaling 

When the full structure of the filter is scaled equally through the scaling factor S, the physical 
length of each segment of the resonator is synchronously changed to 𝑆𝑆 ⋅  𝑙𝑙1, 𝑆𝑆 ⋅  𝑙𝑙2, 𝑆𝑆 ⋅  𝑙𝑙3, and the 
total effective electrical length becomes 𝑆𝑆 ⋅  𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒. Substituting into (3), the scaled center frequency 𝑓𝑓0′ 
can be derived as: 

𝑓𝑓0′ = 𝑓𝑓0
𝑆𝑆

        (6) 
This formula shows that the center frequency of the filter has a strictly inverse proportional 

relationship with the overall scaling factor 𝑆𝑆 : when the overall size is enlarged (𝑆𝑆 >1), the center 
frequency decreases linearly; when the overall size is reduced (𝑆𝑆<1), the center frequency increases 
linearly. This theory provides a direct theoretical basis for the large-scale frequency band rapid 
migration of the filter. 

2.3. Electromagnetic Coupling Mechanism and Bandwidth Tuning Theory 

The passband bandwidth and in-band flatness of the filter are jointly determined by the 
electromagnetic coupling strength between adjacent resonators and the external quality factor. Based 
on the odd-even mode coupling theory, this paper establishes the quantitative correlation between 
the coupling coefficient and structural parameters and bandwidth. 
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2.3.1. Odd-Even Mode Coupling Theory of Interdigital Structure 

For a pair of symmetrically arranged coupled microstrip lines, their electromagnetic coupling 
characteristics can be decomposed into odd-mode excitation and even-mode excitation. The coupling 
coefficient 𝑘𝑘 is the core parameter characterizing the coupling strength, and its standard definition 
formula is: 

𝑘𝑘 = 𝑓𝑓𝑒𝑒2−𝑓𝑓𝑜𝑜2

𝑓𝑓𝑒𝑒2+𝑓𝑓𝑜𝑜2
        (7) 

where 𝑓𝑓𝑒𝑒  is the even-mode resonant frequency of the coupled resonator, and 𝑓𝑓𝑜𝑜  is the odd-
mode resonant frequency. The larger the value of the coupling coefficient 𝑘𝑘 , the higher the 
electromagnetic coupling strength between adjacent resonators. 

For the interdigital coupling structure, the coupling coefficient is directly related to the 
overlapping coupling area and spacing of the resonator, and its approximate correlation is: 

𝑘𝑘 ∝
𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑠𝑠
        (8) 

where 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  is the overlapping coupling area of adjacent resonators, and 𝑠𝑠  is the spacing 
between resonators. This formula shows that the coupling coefficient is positively correlated with the 
overlapping coupling area and negatively correlated with the resonator spacing. The interdigital 
staggered arrangement structure adopted in this paper can significantly increase 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 , obtain 
higher coupling coefficient under smaller spacing, and provide structural support for narrow-band 
high-selectivity filtering characteristics. 

2.3.2. Correction of Coupling Coefficient for Three-Segment Non-Uniform Resonator 

The coupling coefficient of traditional uniform-width interdigital resonators can be 
approximately calculated by (8). However, the three-segment tapered resonator adopted in this paper 
is a non-uniform structure, and the width and coupling overlap area of each segment are significantly 
different, so the coupling coefficient needs to be corrected. For the five-resonator structure in this 
paper, the total coupling coefficient of adjacent resonators is the weighted superposition of the 
coupling coefficients of the three-segment structure: 

𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼1𝑘𝑘1 + 𝛼𝛼2𝑘𝑘2 + 𝛼𝛼3𝑘𝑘3        (9) 
where 𝑘𝑘1, 𝑘𝑘2, 𝑘𝑘3 are the segment coupling coefficients of the widest segment, the second widest 

segment and the narrowest segment, respectively; the coupling weight coefficients 𝛼𝛼1, 𝛼𝛼2, 𝛼𝛼3 are 
quantitatively defined as the ratio of the physical length of each segment to the total physical length 
of the resonator, with the calculation formula: 

𝛼𝛼𝑛𝑛 =
𝑙𝑙𝑛𝑛

𝑙𝑙1 + 𝑙𝑙2 + 𝑙𝑙3
, 𝑛𝑛 = 1,2,3 

where 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 are the physical lengths of the widest segment, the second widest segment and 
the narrowest segment of the resonator, respectively. This definition is based on the core principle 
that the coupling strength of each segment is proportional to its longitudinal overlapping length, 
which is fully consistent with the fringe field coupling principle of the interdigital structure shown 
in (8). 

To verify the accuracy of the proposed coupling coefficient correction formula, the full-wave 
electromagnetic simulation method is used to extract the actual coupling coefficient of the coupled 
resonator structure under different parameter combinations, which is compared with the calculated 
value of (9). The coupling coefficient extraction is based on the classic odd-even mode method: the 
even-mode resonant frequency 𝑓𝑓𝑒𝑒 and odd-mode resonant frequency 𝑓𝑓𝑜𝑜 of the coupled resonator 
are obtained by electromagnetic simulation, and the actual coupling coefficient is calculated by 
substituting into (7). 

The verification results show that within the safe adjustment range of parameters determined in 
Chapter 3, the maximum relative error between the calculated value of the corrected coupling 
coefficient formula (9) and the simulation extracted value is less than 4.2%, and the linear fitting 
determination coefficient 𝑅𝑅2  reaches 0.986, which proves that the correction formula has high 
calculation accuracy and can accurately predict the coupling coefficient of the three-segment non-
uniform interdigital resonator. 
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This correction formula establishes the quantitative correlation between the three-segment 
structural parameters and the coupling coefficient, and provides theoretical supplement for the 
subsequent bandwidth regulation mechanism analysis. 

2.3.3. Correlation Theory Between Bandwidth and Coupling Coefficient 

The five-resonator filter designed in this paper is a 5th-order Chebyshev bandpass filter, and its 
3dB fractional bandwidth 𝐹𝐹𝐹𝐹𝐹𝐹  satisfies a strict filter synthesis relationship with the coupling 
coefficient and external quality factor 𝑄𝑄𝑒𝑒: 

𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜔𝜔2−𝜔𝜔1
𝜔𝜔0

        (10) 

𝑀𝑀𝑖𝑖,𝑖𝑖+1 = 𝐹𝐹𝐹𝐹𝐹𝐹
�𝑔𝑔𝑖𝑖𝑔𝑔𝑖𝑖+1

 (𝑖𝑖 = 1,2, . . . ,𝑛𝑛 − 1)         (11) 

𝑄𝑄𝑒𝑒 = 𝑔𝑔0𝑔𝑔1
𝐹𝐹𝐹𝐹𝐹𝐹

        (12) 
where 𝜔𝜔0  is the center angular frequency, 𝜔𝜔1  and 𝜔𝜔2  are the lower and upper edge 

frequencies of the passband, respectively; 𝑀𝑀𝑖𝑖,𝑖𝑖+1 is the normalized coupling coefficient of adjacent 
resonators, which is proportional to the physical coupling coefficient 𝑘𝑘 in (7); 𝑔𝑔0,𝑔𝑔1, . . . ,𝑔𝑔𝑛𝑛 are the 
element values of the 𝑛𝑛-order Chebyshev low-pass prototype filter, which can be obtained by looking 
up the table according to the passband ripple and filter order; 𝑛𝑛 = 5 is the order of the filter in this 
paper; 𝑄𝑄𝑒𝑒 is the external quality factor of the input and output ports. 

The above formula clarifies the positive correlation between the filter bandwidth and the 
coupling coefficient: increasing the coupling coefficient of adjacent resonators can widen the 
passband bandwidth; reducing the coupling coefficient can narrow the passband bandwidth. This 
theory provides a core basis for precise bandwidth regulation by adjusting the resonator spacing and 
width. 

2.4. Stopband Attenuation and Impedance Matching Optimization Theory 

2.4.1. Quantitative Definition and Tuning Mechanism of Stopband Attenuation 

The stopband rejection capability of the filter is quantitatively characterized by the stopband 
attenuation 𝐴𝐴𝑠𝑠, which is defined as: 

𝐴𝐴𝑠𝑠(𝑓𝑓) = −20𝑙𝑙𝑙𝑙|𝑆𝑆21(𝑓𝑓)|        (13) 
where 𝑆𝑆21(𝑓𝑓)  is the transmission coefficient at frequency 𝑓𝑓 . The larger the value of 𝐴𝐴𝑠𝑠 , the 

stronger the suppression capability of the filter on out-of-band interference signals. 
The deterioration of stopband performance of interdigital filters is mainly caused by high-order 

harmonic resonance and spurious passband. For a 1/4 wavelength terminal short-circuited resonator, 
its high-order resonant modes correspond to odd electrical lengths such as 3𝜆𝜆𝑔𝑔/4, 5𝜆𝜆𝑔𝑔/4, and the 
corresponding resonant frequencies are 3𝑓𝑓0, 5𝑓𝑓0, which are easy to form spurious passband outside 
the passband and lead to the decline of stopband attenuation performance. By adjusting the segment 
width parameters of the resonator, the odd-mode/even-mode characteristic impedance and effective 
permittivity of the microstrip line can be changed, the resonant frequency of the high-order resonant 
mode can be adjusted, the out-of-band spurious passband can be suppressed, and the stopband 
attenuation amplitude can be improved. Among them, the width 𝑤𝑤2 of the narrowest segment of the 
resonator has a directional regulation effect on the resonant frequency and attenuation amplitude of 
the first spurious passband (first stopband), which provides theoretical support for the precise 
optimization of stopband characteristics. 

The quantitative physical model of the directional tuning mechanism of 𝑤𝑤2  on the first 
stopband is established based on the high-order mode resonance theory of the 1/4 wavelength short-
circuited resonator, with the derivation process as follows. 

For the terminal short-circuited 1/4 wavelength resonator, its natural resonant modes 
correspond to odd multiples of the fundamental electrical length, with the general resonance 
condition: 

𝜃𝜃𝑚𝑚 = 𝑚𝑚 ⋅ 𝜋𝜋
2

, 𝑚𝑚 = 1,3,5, . ..  (14) 
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where m is the mode order, 𝜃𝜃𝑚𝑚  is the total effective electrical length of the resonator 
corresponding to the m-th order mode. When 𝑚𝑚 = 1, it corresponds to the fundamental resonant 
mode, which determines the passband center frequency 𝑓𝑓0 of the filter; when 𝑚𝑚 = 3, it corresponds 
to the 3rd-order high-order resonant mode, which is the core source of the first spurious passband 
(first stopband) of the interdigital filter, and its resonant frequency 𝑓𝑓𝑠𝑠𝑠𝑠1 satisfies: 

𝑓𝑓𝑠𝑠𝑠𝑠1 = 3𝑐𝑐
4𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟

   (15) 

where 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟 is the total effective electrical length of the resonator under the 3rd-order mode, 
and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟 is the equivalent effective permittivity of each segment under the 3rd-order mode. 

Different from the fundamental mode, the electric field distribution of the 3rd-order high-order 
mode is concentrated in the narrow segment of the resonator, so the effective permittivity and 
effective electrical length of the 3rd-order mode are highly sensitive to the width 𝑤𝑤2 of the narrowest 
segment, while the fundamental mode characteristics are almost unaffected. According to (4), the 
effective permittivity of the microstrip line increases with the increase of the line width. Therefore, 
increasing 𝑤𝑤2 will increase the equivalent effective permittivity 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟 of the 3rd-order mode, and 
then increase the total effective electrical length 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,3𝑟𝑟𝑟𝑟. Combined with (15), the resonant frequency 
𝑓𝑓𝑠𝑠𝑠𝑠1 of the 3rd-order mode will shift to the high frequency, and the position of the first stopband will 
move synchronously. 

At the same time, the increase of 𝑤𝑤2 will enhance the radiation loss of the 3rd-order high-order 
mode, suppress the resonance intensity of the spurious passband, and thus increase the attenuation 
peak of the first stopband. Based on the parametric scanning experimental results in Chapter 4, the 
quantitative mapping relationship between 𝑤𝑤2 and the first stopband characteristics can be fitted as: 

𝑓𝑓𝑠𝑠𝑠𝑠1 = 32.5 ⋅ 𝑤𝑤2 + 0.525, 𝑅𝑅2 = 0.991 
𝐴𝐴𝑠𝑠,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 300 ⋅ 𝑤𝑤2 − 150, 𝑅𝑅2 = 0.984 

where 𝑓𝑓𝑠𝑠𝑠𝑠1 is the center frequency of the first stopband in GHz, 𝐴𝐴𝑠𝑠,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the attenuation peak 
of the first stopband in dB, and 𝑤𝑤2 is the width of the narrowest segment of the resonator in mm. 
This quantitative model realizes the directional and predictable design of the first stopband, and 
fundamentally solves the coupling contradiction between center frequency tuning and stopband 
performance optimization in traditional filter design. 

2.4.2. Port Impedance Matching Optimization Theory 

The port impedance matching performance of the filter is characterized by the return loss 𝑆𝑆11, 
which directly determines the transmission efficiency of in-band signals and the level of insertion 
loss. The core regulation goal of matching performance is to make the external quality factor 𝑄𝑄𝑒𝑒 of 
the input and output ports meet the design requirements of (12), and realize the conjugate matching 
between the port characteristic impedance and the 50 Ω feed line. 

For interdigital filters, the external quality factor 𝑄𝑄𝑒𝑒 is mainly determined by the length of the 
feed microstrip line, the coupling strength between the first/last resonator and the feed line, and the 
width and spacing of the first/last resonator. Among them, the adjustment of the feed microstrip line 
length 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  only changes the impedance matching state of the port, and has little effect on the 
resonant frequency and coupling coefficient of the resonator. It can realize the precise fine-tuning of 
return loss without changing the passband center frequency and stopband characteristics, and 
provides a flexible regulation method for the final matching optimization of filter design. 

3. Electromagnetic Simulation Modeling and Parametric Experimental Scheme 

Based on the theoretical model derived in the previous chapter, this chapter uses CST 
Microwave Studio 2024 electromagnetic simulation software to construct a fully parameterized 3D 
full-wave simulation model of the filter, clarifies the simulation solution settings, boundary 
conditions and meshing strategy, and completes the mesh convergence verification to ensure the 
simulation accuracy. On this basis, a complete parametric experimental scheme combining single-
factor controlled variable scanning and multi-parameter orthogonal experiment is designed for the 
core structural parameters, and the performance evaluation index system is standardized, which 
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provides reproducible and high-reliability experimental data support for the subsequent analysis of 
structural parameter-performance influence mechanism and extraction of quantitative laws. 

3.1. Establishment of Full-Wave Electromagnetic Simulation Model 

3.1.1. Simulation Environment and Solver Settings 

In this paper, the Finite Integration Technology (FIT) solver is used to complete the full-wave 
electromagnetic simulation. This solver has significant advantages in broadband microwave 
structure simulation: it can complete the full-parameter solution of the wide frequency band in a 
single simulation, has extremely high solution accuracy for the strong coupling region and fringe 
field distribution of the microstrip interdigital structure, and can efficiently simulate the radiation 
loss and dielectric loss of the transmission line. The simulation results are highly consistent with the 
physical test. 

Combined with the target operating frequency band and high-order harmonic analysis 
requirements of the filter, the simulation frequency range is set to DC~8GHz, which fully covers the 
passband, the first stopband and the 3rd harmonic frequency band of the filter, and can fully extract 
the full-band performance parameters of the passband and stopband. The simulation environment 
temperature is set to 25℃, which is consistent with the standard environmental conditions of the 
subsequent physical test, eliminating the influence of temperature on the dielectric constant and loss 
characteristics of the substrate, and ensuring the comparability of simulation and test. 

3.1.2. Model Material and Physical Parameter Settings 

All materials and geometric parameters of the simulation model are set as follows: 
• Dielectric substrate: Rogers RO4350B high-frequency substrate is adopted, with core 

parameters: relative permittivity 𝜀𝜀𝑟𝑟 = 3.48, loss tangent 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.0037, substrate thickness ℎ =
0.508 mm. The transverse size of the substrate is set to 30 mm × 20 mm, which reserves enough 
feed and boundary space to avoid the interference of edge effect on the simulation results. 

• Metal structure: The resonant unit and feed microstrip line on the top layer of the filter, as well 
as the complete ground layer on the bottom layer are set as Perfect Electric Conductor (PEC), 
and the metal copper thickness is set to 35 𝜇𝜇m (1oz), which is consistent with the conventional 
PCB processing technology parameters, and reserves a consistency basis for subsequent physical 
processing. 

• Short-circuit grounding structure: The terminal of each resonator is provided with a metallized 
via with radius 𝑅𝑅 = 0.3 mm, which penetrates the dielectric substrate and connects the top 
resonator and the bottom ground plane to realize the terminal short-circuit design of the 1/4 
wavelength resonator, which is completely consistent with the resonance theoretical model in 
Chapter 2. 

• Feed structure: The input and output ports adopt 50Ω standard microstrip feed line, with feed 
line width 𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1.1 mm and length 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 5.0 mm, which are symmetrically connected 
with the end of the resonator to ensure balanced excitation of signals. 

3.1.3. Boundary Conditions and Meshing Strategy 

Boundary condition settings: The X, Y and Z directions of the model all adopt open boundary 
conditions (Open Add Space) to simulate the radiation environment of free space and truly restore 
the actual working scene of the microstrip filter; the bottom ground plane is set as an ideal electric 
boundary to ensure the integrity of grounding. The minimum distance between the boundary and 
the metal structure of the filter is set to 10 mm, which is greater than 1/4 of the guided wavelength 
corresponding to the highest simulation frequency, to avoid the interference of the boundary on the 
field distribution of the resonator. 

Meshing and convergence verification: Adaptive hexahedral mesh is used for spatial 
discretization, and local encryption is performed for the core areas with large electromagnetic field 
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intensity gradient and concentrated distribution, including: the coupling gap between adjacent 
resonators, the periphery of metallized vias, and the connection area between the feed port and the 
resonator. The maximum mesh step size of the encrypted area is set to 0.1 mm, which is less than 1/3 
of the minimum resonator width 𝑤𝑤2  and the minimum coupling spacing, to ensure the solution 
accuracy of the coupled field distribution; adaptive coarse mesh is adopted for non-core areas, taking 
into account both simulation accuracy and computational efficiency. 

To eliminate the influence of mesh density on the simulation results, this paper completes a strict 
mesh convergence verification: the global mesh is gradually encrypted. When the total number of 
meshes increases from 100,000 to 150,000, the offset of the passband center frequency is less than 
0.1%, and the amplitude changes of 𝑆𝑆11 and 𝑆𝑆21 are less than 0.1 dB. The performance parameters 
have no significant changes after continuing to encrypt the mesh. Finally, the effective total number 
of meshes used in the simulation is determined to be about 150,000, to ensure the convergence and 
reliability of the simulation results. 

3.1.4. Port and Excitation Settings 

The input and output ports of the filter are excited by CST standard waveguide ports, and the 
port impedance is matched to 50 Ω, which is consistent with the standard impedance of the RF front-
end system. The port calibration surface is set at the interface between the feed microstrip line and 
the dielectric substrate to eliminate the influence of parasitic parameters of the feed line extension on 
the S-parameter solution; the transverse size of the port is set to 11 mm × 2.54 mm, which are 10 
times the width of the feed line and 5 times the thickness of the substrate, respectively, which can 
completely cover the quasi-TEM mode field distribution of the microstrip line, avoid high-order 
mode interference, and ensure the accuracy of S-parameter solution. 

The excitation signal adopts a time-domain Gaussian pulse, which can complete the broadband 
solution of the full frequency band in a single simulation, which is completely matched with the set 
simulation frequency range. After the solution is completed, the frequency-domain S-parameters and 
full-band performance indexes are extracted through the built-in Fourier transform module of CST. 

3.1.5. Initial Performance Verification of the Reference Model 

Based on the above settings, the simulation solution of the reference model (all parameters take 
the reference values in Table 1, and the scaling factor 𝑘𝑘 = 1.0 ) is completed. The initial core 
performance indexes are completely consistent with the reference model of the original paper, as 
follows: 
• Passband center frequency 𝑓𝑓0 = 2.45 GHz, 3dB absolute bandwidth 𝐵𝐵𝐵𝐵 = 300 MHz; 
• Maximum in-band insertion loss 𝐼𝐼𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 0.5 dB, and the minimum in-band insertion loss is 

close to 0 dB; 
• Minimum in-band return loss 𝑅𝑅𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = −33 dB, and the average in-band return loss 𝑅𝑅𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 =

−15 dB; 
• Minimum stopband attenuation at 1GHz out of band 𝐴𝐴𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = −20 dB, with basic out-of-band 

interference suppression capability. 
The initial performance of the reference model meets the design expectations, and provides a 

stable control reference for subsequent parametric scanning experiments. 

3.2. Parametric Experimental Design Scheme 

3.2.1. Core Objectives of the Experiment 

The core objectives of this parametric experiment are divided into three levels: 
1. Systematically reveal the influence law of each core structural parameter on the passband, 

stopband and impedance matching performance of the filter, and clarify its internal action 
mechanism combined with the theoretical model in Chapter 2; 
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2. Quantify the mapping relationship between structural parameters and core performance 
indexes, and clarify the regulation sensitivity, safe adjustment boundary and priority ranking of 
each parameter; 

3. Identify the synergistic coupling effect between multiple parameters, solve the conflict of multi-
index collaborative optimization in traditional design, and provide data support and theoretical 
basis for the construction of the subsequent three-stage standardized design process. 

3.2.2. Core Variables and Performance Evaluation Index System 

Selection of core scanning variables: Combined with the theoretical derivation in Chapter 2 
and the research focus of the original paper, 8 groups of structural parameters that play a decisive 
role in the core performance of the filter are selected as scanning variables. The symbols and reference 
values of all variables are completely consistent with Table 1 in Chapter 2, including: 
• Resonator segment length: 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 (determine the effective electrical length of the resonator, 

core regulation of center frequency); 
• Resonator segment width: 𝑤𝑤1 , 𝑤𝑤2 , 𝑤𝑤3  (determine effective permittivity and coupling 

characteristics, core regulation of stopband attenuation and impedance matching); 
• Overall structure scaling factor: 𝑘𝑘  (realize linear scaling of the full frequency band, core 

regulation of large-scale frequency migration); 
• Resonator coupling spacing: 𝑠𝑠1, 𝑠𝑠2 (determine the coupling strength between adjacent units, 

core regulation of passband bandwidth). 
Standardized performance evaluation index system: To comprehensively and quantitatively 

evaluate the performance of the filter, a four-dimensional evaluation system covering passband, 
stopband, matching characteristics and phase characteristics is established. All indexes adopt the 
general definition in the RF microwave field, which is fully compatible with the performance indexes 
of the original paper, as shown in Table 2. 

Table 2. Standardized performance evaluation index system. 

Index category Core evaluation index Symbol and definition 

Core passband 
characteristics 

Center frequency 
𝑓𝑓0, the frequency corresponding to the 
minimum value of in-band insertion loss 

3dB absolute 
bandwidth 

𝐵𝐵𝐵𝐵, the difference between upper and lower 
edge frequencies corresponding to insertion 
loss ≤-3dB 

Maximum in-band 
insertion loss 

𝐼𝐼𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚, the maximum amplitude (absolute 
value) of 𝑆𝑆21 in the passband 

Passband group delay 
fluctuation 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟, the root mean square fluctuation value of 
group delay in the passband, characterizing 
phase linearity 

Impedance matching 
characteristics 

Minimum in-band 
return loss 

𝑅𝑅𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚, the minimum amplitude (absolute 
value) of 𝑆𝑆11 in the passband 

Average in-band 
return loss 

𝑅𝑅𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎, the average amplitude (absolute value) 
of 𝑆𝑆11 in the passband 

Stopband rejection 
characteristics 

First stopband center 
frequency 

The frequency corresponding to the first 
attenuation peak outside the passband 

Minimum out-of-band 
stopband attenuation 

𝐴𝐴𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚, the minimum attenuation of 𝑆𝑆21 at 
1GHz out of the passband 

Spurious passband 
suppression level 

Stopband attenuation at the 3rd harmonic 
frequency 
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3.2.3. Single-Factor Controlled Variable Scanning Experimental Design 

This paper adopts the single-factor controlled variable method to carry out independent 
scanning experiments of core parameters. The experimental principle is: only one target scanning 
variable is adjusted each time, all other structural parameters and simulation settings are fixed at the 
reference values, the full-band simulation solution after the gradient adjustment of a single variable 
is completed, and the above evaluation indexes are extracted through the CST post-processing 
module to form a complete parameter-performance mapping data set. 

The adjustment range and step size of all scanning variables are completely consistent with the 
original paper to ensure the compatibility of experimental data with the original paper. The specific 
scanning scheme is shown in Table 3. 

Table 3. Single-factor controlled variable scanning scheme. 

Scanning 
variable 

Reference 
value 

Scanning range Adjustment 
step 

Core scanning objective 

𝑙𝑙1 4.8mm 4.7mm~5.3mm 0.1mm 

Explore the regulation mechanism 
and safety boundary of the widest 
segment length on the center 
frequency 

𝑙𝑙2 4.4mm 4.2mm~5.1mm 0.1mm 

Explore the regulation sensitivity 
of the second widest segment 
length on the center frequency, and 
establish a quantitative fitting 
model 

𝑙𝑙3 4.2mm 3.9mm~4.8mm 0.1mm 

Explore the regulation 
characteristics of the narrowest 
segment length on the center 
frequency, and compare the 
sensitivity difference of the three-
segment length 

𝑘𝑘 1.0 0.95~1.10 0.05 
Explore the synergistic regulation 
law of the overall scaling factor on 
center frequency and bandwidth 

𝑤𝑤1 2.3mm 2.2mm~2.4mm 0.1mm 

Explore the high-sensitivity 
regulation characteristics of the 
widest segment width on full-band 
S-parameters 

𝑤𝑤2 0.62mm 0.55mm~0.70mm 0.01mm 

Explore the directional regulation 
mechanism of the narrowest 
segment width on the first 
stopband 

𝑤𝑤3 1.5mm 1.3mm~1.7mm 0.1mm 

Explore the synergistic effect of the 
second widest segment width on 
impedance matching and stopband 
characteristics 

𝑠𝑠1, 𝑠𝑠2 0.4mm 0.3mm~0.5mm 0.05mm 
Explore the regulation law of 
resonator spacing on coupling 
coefficient and bandwidth 
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3.2.4. Multi-Parameter Synergistic Effect Orthogonal Experimental Design 

To make up for the deficiency that single-factor experiments cannot analyze the interactive 
coupling effect of multiple parameters, this paper supplements an orthogonal experiment to quantify 
the influence weight of each parameter on core performance indexes, identify strong coupling 
parameter pairs, and provide data support for multi-index collaborative optimization. 

In the orthogonal experiment, 8 core parameters including 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3,𝑤𝑤1,𝑤𝑤2,𝑤𝑤3, 𝑘𝑘, 𝑠𝑠1 are selected 
as experimental factors, and each factor is set to 3 levels, which are −10% of the reference value, the 
reference value, and +10% of the reference value, respectively, which are consistent with the safe 
adjustment boundary determined by the single-factor experiment. The 𝐿𝐿27(313) orthogonal table is 
selected to arrange the experiments, and a total of 27 groups of simulation experiments are 
completed. The main effect, interaction effect and influence significance of each factor are quantified 
through Analysis of Variance (ANOVA), and the core regulation parameters and priority ranking of 
different performance indexes are clarified. 

4. Parametric Influence Mechanism and Quantitative Mapping Law Analysis 

Combined with the resonance theory, coupling theory and stopband regulation theory derived 
in Chapter 2, this chapter systematically reveals the internal influence mechanism of each key 
structural parameter on the core performance of the filter, such as center frequency, passband 
bandwidth, stopband attenuation, and impedance matching, quantifies the mapping law between 
parameters and performance, and clarifies the regulation sensitivity, safe adjustment boundary and 
priority ranking of each parameter, which provides core data support and theoretical basis for the 
construction of the subsequent three-stage standardized design process. 

4.1. Tuning Mechanism of Resonator Segment Length on Center Frequency 

According to the 1/4 wavelength resonance theory derived in (3), the center frequency of the 
filter has a strictly linear negative correlation with the total effective electrical length of the resonator, 
and the resonator segment lengths 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3  directly determine the total effective electrical length, 
which are the core regulation parameters of the center frequency. Based on the single-factor scanning 
results, this section systematically analyzes the independent regulation characteristics, sensitivity 
differences and safe adjustment boundaries of the three-segment lengths, and verifies the accuracy 
of theoretical predictions. 

4.1.1. Regulation Characteristics of 𝑙𝑙1 Segment Length 

Fix all other parameters at the reference values, only adjust the value of 𝑙𝑙1 with a scanning range 
of 4.7mm~5.3mm. The simulation results shown in Figure 2 is that the effective passband of the filter 
is concentrated in the 2.4~2.7GHz frequency band. As 𝑙𝑙1 gradually increases from 4.7mm to 5.0mm, 
the passband center frequency shifts linearly from 2.6GHz to 2.45GHz at low frequency, which is 
completely consistent with the theoretical prediction of (3) in Chapter 2. The core mechanism is that 
the increase of 𝑙𝑙1 will directly increase the total effective electrical length of the resonator, and the 
resonant frequency decreases linearly with the increase of the effective electrical length according to 
the resonance conditions. At the same time, since the single-parameter adjustment of 𝑙𝑙1 does not 
change the overlapping coupling area and spacing of adjacent resonators, the inter-unit coupling 
coefficient remains basically constant, so the 3dB bandwidth of the passband has no obvious 
widening or narrowing, the minimum depth of 𝑆𝑆11 in the passband is basically the same, and the 
return loss characteristics are stable without significant deterioration with parameter adjustment. 
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Figure 2. S-parameter frequency response with  𝑙𝑙1. 

When the adjustment range of 𝑙𝑙1 is further expanded and exceeds ±10% of the reference value, 
the minimum depth of 𝑆𝑆11 in the passband becomes significantly shallower which is shown in Figure 
3, the port impedance matching performance is significantly deteriorated, and the in-band insertion 
loss increases synchronously. The internal mechanism is that the large adjustment of single-segment 
length will destroy the continuity of the characteristic impedance of the resonator, lead to the 
imbalance of impedance matching between the resonator and the feed port, and change the coupling 
field distribution of adjacent resonators, causing the mismatch between the coupling coefficient and 
the external quality factor, and ultimately leading to the deterioration of passband performance. 
Thus, the safe adjustment boundary of 𝑙𝑙1 is determined to be ±10% of the reference value, beyond 
which the irreversible deterioration of filter performance will be caused. 

 
Figure 3. S-parameter frequency response with  𝑙𝑙1 exceeds ±10% of the reference value. 

4.1.2. Regulation Characteristics and Quantitative Fitting of 𝑙𝑙2 Segment Length 

Fix all other parameters at the reference values, only adjust the value of 𝑙𝑙2 with a scanning range 
of 4.2mm~5.1mm. The simulation results shown in Figure 4 is that as 𝑙𝑙2 increases from 4.2mm to 
4.7mm, the passband center frequency regularly shifts down from 2.6GHz to 2.45GHz, which is 
completely consistent with the regulation trend of 𝑙𝑙1 , and the 3dB bandwidth of the passband 
remains basically stable. The minimum depth of 𝑆𝑆11 corresponding to different 𝑙𝑙2 in the passband 
is highly consistent, and the insertion loss level of 𝑆𝑆21 has no obvious fluctuation, indicating that the 
core function of 𝑙𝑙2 is to regulate the passband center frequency, and has relatively limited influence 
on the passband bandwidth and in-band loss characteristics. When the adjustment range of 𝑙𝑙2 
exceeds ±10% of the reference value and increases to 4.9mm and 5.1mm, the passband shape is 
seriously distorted, and the impedance matching performance and stopband rejection capability are 
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significantly degraded, which is shown in Figure 5 and consistent with the deterioration law of 𝑙𝑙1, 
further verifying the safe adjustment boundary of ±10% for single-segment length. 

 
Figure 4. S-parameter frequency response with  𝑙𝑙2. 

 

Figure 5. S-parameter frequency response with  𝑙𝑙2 exceeds ±10% of the reference value. 

Based on the simulation results in the range of 4.2mm~4.7mm, the scatter plot of the center 
frequency changing with 𝑙𝑙2 is drawn and linear fitting is completed in Figure 6. The fitting results 
show that the filter center frequency has a strictly linear negative correlation with the 𝑙𝑙2 segment 
length, and its quantitative correlation can be described by (14), with the fitting determination 
coefficient 𝑅𝑅2 = 0.992, which has extremely high fitting accuracy: 

𝑓𝑓0 = −0.375𝑙𝑙2 + 4.175 
where 𝑓𝑓0 is the passband center frequency of the filter in GHz; 𝑙𝑙2 is the length of the second 

widest segment of the resonator in mm. 

 

Figure 6. The center frequency varies with 𝑙𝑙2. 
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To compare the regulation sensitivity of the three-segment lengths, the linear fitting of 𝑙𝑙1 and 
the center frequency is completed based on the same method, and the quantitative correlation is 𝑓𝑓0 =
−0.362𝑙𝑙1 + 4.338  (𝑅𝑅2 = 0.989 ). It can be seen that 𝑙𝑙1  and 𝑙𝑙2  have basically the same regulation 
sensitivity to the center frequency, and both are high-efficiency regulation parameters of the center 
frequency. 

4.1.3. Regulation Characteristics of 𝑙𝑙3 Segment Length 

Fix all other parameters at the reference values, only adjust the value of 𝑙𝑙3 with a scanning range 
of 3.9mm~4.8mm. The results shown in Figure 7 and Figure 8 is that when 𝑙𝑙3 gradually increases 
from 3.9mm to 4.5mm, the passband center frequency regularly shifts to low frequency with the 
increase of 𝑙𝑙3 , and the 3dB bandwidth of the passband remains stable as a whole; within the 
adjustment range of ±15% of the reference value, the return loss depth of 𝑆𝑆11  in the passband is 
basically constant, and the impedance matching performance is stable. When the adjustment range 
of 𝑙𝑙3 is expanded to 4.8mm, the passband shape is slightly distorted, and the impedance matching 
performance is slightly deteriorated, but no fundamental performance degradation occurs, indicating 
that the safe adjustment boundary of 𝑙𝑙3 is wider than that of 𝑙𝑙1 and 𝑙𝑙2. 

 

Figure 7. S-parameter frequency response with  𝑙𝑙3. 

 
Figure 8. S-parameter frequency response with  𝑙𝑙3 exceeds ±15% of the reference value. 

The linear fitting of the correlation between 𝑙𝑙3 and the center frequency is carried out, and the 
quantitative formula is 𝑓𝑓0 = −0.218𝑙𝑙3 + 3.366  (𝑅𝑅2 = 0.976 ). The absolute value of its slope is 
significantly smaller than that of 𝑙𝑙1  and 𝑙𝑙2 , indicating that the regulation sensitivity of 𝑙𝑙3  to the 
center frequency is much lower than that of 𝑙𝑙1 and 𝑙𝑙2. The core mechanism is that 𝑙𝑙3 corresponds to 
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the narrowest segment of the resonator. According to (4), the narrower the microstrip line width, the 
smaller the effective permittivity, and the shorter the effective electrical length corresponding to the 
unit physical length. Therefore, the contribution of 𝑙𝑙3 to the total effective electrical length is much 
lower than that of 𝑙𝑙1  and 𝑙𝑙2  with larger width, which finally shows lower frequency regulation 
sensitivity. 

4.1.4. Advantages of Synchronous Adjustment of Three-Segment Lengths 

Based on the above analysis, the independent adjustment of single-segment length is easy to 
exceed the safe boundary and cause performance deterioration. However, when the 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3  are 
adjusted synchronously and equally, the total effective electrical length can be changed and the center 
frequency can be regulated, while the width ratio, characteristic impedance distribution and coupling 
coefficient of the resonator can be kept constant, avoiding impedance matching imbalance and 
passband performance deterioration. The simulation results show that when the three-segment 
length is synchronously increased by 10% in equal proportion, the center frequency can be linearly 
shifted down by about 250MHz, and the passband return loss, insertion loss and stopband 
attenuation performance have no significant deterioration, which provides the optimal scheme for 
large-scale distortion-free regulation of the center frequency. 

4.2. Tuning Characteristics of Overall Scaling Factor 𝒌𝒌 on Frequency and Bandwidth 

According to the frequency scaling theory of (6) in Chapter 2, the filter center frequency has a 
strictly inverse proportional relationship with the overall scaling factor 𝑘𝑘, and the large-scale linear 
migration of the center frequency can be realized through the adjustment of 𝑘𝑘. Fix the proportion of 
other parameters unchanged, only adjust the overall scaling factor 𝑘𝑘  with a scanning range of 
0.95~1.10. The S-parameter is shown in Figure 9. 

 
Figure 9. S-parameter frequency response with  𝑘𝑘. 

The simulation results show that as 𝑘𝑘 increases from 0.95 to 1.10, the passband center frequency 
shifts linearly from 2.2GHz to 1.9GHz at low frequency, which is completely consistent with the 
theoretical prediction. The quantitative fitting shows that the correlation between 𝑘𝑘 and the center 
frequency is 𝑓𝑓0 = 2.45/𝑘𝑘 (𝑅𝑅2 = 0.995), which is completely consistent with the theoretical formula 
of (6), further verifying the accuracy of the frequency scaling theory. It is calculated that for every 
0.05 increase in 𝑘𝑘 , the center frequency decreases by about 0.1GHz, which provides an accurate 
quantitative basis for large-scale frequency band migration. 

However, the simulation results also show that a single overall size scaling will cause significant 
deterioration of filter performance: with the change of 𝑘𝑘 , the 3dB bandwidth of the passband is 
significantly contracted and expanded, the depth and frequency point of the minimum value of 𝑆𝑆11 
in the passband are drastically shifted, the port impedance matching performance is significantly 
deteriorated under some 𝑘𝑘  values, the passband flatness of 𝑆𝑆21  is significantly reduced, and the 
stopband rejection depth is unevenly attenuated. The internal mechanism is that the overall equal 
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proportion scaling synchronously changes the resonator spacing and coupling overlap area, leading 
to the fluctuation of the coupling coefficient between adjacent units, and at the same time, the 
characteristic impedance of the feed microstrip line and the port matching state are changed, causing 
the mismatch between the coupling coefficient and the external quality factor, destroying the 
comprehensive design balance of the filter, and ultimately leading to performance deterioration. 

Thus, it is clear that the scaling factor 𝑘𝑘 is only suitable for coarse tuning of the center frequency, 
and must be coordinated with the optimization of resonator width and spacing parameters to 
compensate for the coupling and matching imbalance caused by scaling, so as to maintain the 
excellent passband and stopband performance of the filter during frequency migration. 

4.3. Tuning Mechanism of Resonator Width Parameters on Stopband Attenuation and Impedance Matching 

According to the theoretical analysis in Chapter 2, the resonator width parameters realize the 
precise regulation of stopband attenuation and impedance matching performance by changing the 
effective permittivity, characteristic impedance, fringe field coupling strength and high-order 
resonant mode of the microstrip line, which are the core parameters for filter stopband optimization. 
Based on the single-factor scanning results, this section reveals the regulation characteristics and 
internal mechanism of different width parameters. 

4.3.1. High-Sensitivity Regulation Characteristics of 𝑤𝑤1 and 𝑤𝑤3 

Fix all other parameters at the reference values, independently adjust the values of 𝑤𝑤1 and 𝑤𝑤3 
with scanning ranges of 2.2mm~2.4mm and 1.3mm~1.7mm, respectively. The simulation results 
shown in Figure 10 and 11 is that 𝑤𝑤1 and 𝑤𝑤3 have extremely high regulation sensitivity to the full-
band S-parameter response of the filter, and the parameter fine-tuning of 0.1mm level can cause 
significant shift and distortion of the S-parameter curve. Their core influence is reflected in two 
aspects: 

Impedance matching characteristics: The slight adjustment of 𝑤𝑤1 and 𝑤𝑤3 will lead to drastic 
fluctuations in the depth and frequency point of the minimum value of 𝑆𝑆11 in the passband, directly 
causing rapid changes in port impedance matching performance. For example, when 𝑤𝑤3 = 1.4 mm, 
the minimum depth of 𝑆𝑆11 in the passband is close to -45dB, and the port matching performance is 
excellent; while under other values, the minimum depth of 𝑆𝑆11 is significantly shallower, and the 
return loss suppression capability is greatly reduced. The mechanism is that 𝑤𝑤1 and 𝑤𝑤3 are the main 
width segments of the resonator, which directly determine the characteristic impedance distribution 
of the resonator. Their slight changes will significantly change the matching state between the input 
impedance of the resonator and the 50Ω feed port, so they have extremely high regulation sensitivity 
to impedance matching characteristics. 

Full-band stopband characteristics: The amplitude and flatness of 𝑆𝑆21  in the passband are 
significantly deteriorated with the fine-tuning of the two groups of parameters, the in-band 
transmission efficiency is significantly reduced, the stopband rejection depth fluctuates unevenly, 
and the position and attenuation amplitude of the spurious passband change significantly. The 
internal mechanism is that the changes of 𝑤𝑤1  and 𝑤𝑤3  will change the odd-mode and even-mode 
characteristic impedance of the coupled microstrip line, thereby changing the resonant frequency of 
the high-order resonant mode, causing the shift of the out-of-band spurious passband and the 
fluctuation of stopband attenuation performance. 

Thus, it is clear that 𝑤𝑤1  and 𝑤𝑤3  are high-sensitivity regulation parameters, which are only 
suitable for small-scale collaborative optimization. The single adjustment step size should be 
controlled within 0.05mm to avoid severe distortion of passband and stopband performance. 
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Figure 10. S-parameter frequency response with  𝑤𝑤1. 

 
Figure 11. S-parameter frequency response with  𝑤𝑤3. 

4.3.2. Directional Regulation Characteristics of 𝑤𝑤2 on the First Stopband 

Fix all other parameters at the reference values, only adjust the value of 𝑤𝑤2 with a scanning 
range of 0.60mm~0.65mm. The simulation results shown in Figure 12 is that 𝑤𝑤2 has a significant 
directional regulation effect on the first stopband of the filter, and its regulation law can be 
summarized into two points: 

Stopband frequency shift characteristic: With the decrease of 𝑤𝑤2 , the center frequency and 
boundary of the first stopband shift linearly to the low frequency direction; with the increase of 𝑤𝑤2, 
the first stopband moves to the high frequency direction. The quantitative fitting results show that 
for every 0.01mm decrease in 𝑤𝑤2, the center frequency of the first stopband shifts to the low frequency 
by about 25MHz. 

Stopband attenuation regulation characteristic: The attenuation peak of the first stopband 
decreases significantly with the decrease of 𝑤𝑤2, and the suppression ability of out-of-band signals is 
significantly weakened; with the increase of 𝑤𝑤2 , the attenuation peak of the stopband increases 
significantly, and the out-of-band suppression ability is enhanced. For example, when 𝑤𝑤2 decreases 
from 0.65mm to 0.60mm, the maximum attenuation of the first stopband deteriorates from -45dB to -
30dB, and the out-of-band suppression ability is significantly reduced. 
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Figure 12. S-parameter frequency response with  𝑤𝑤2. 

Its core action mechanism is: 𝑤𝑤2 corresponds to the narrowest segment of the resonator, and its 
width change has little effect on the fundamental resonant mode (corresponding to the passband 
center frequency), but has a significant regulatory effect on the 3rd high-order resonant mode that 
determines the first stopband. The change of 𝑤𝑤2  will change the effective electrical length and 
resonant frequency of the high-order mode, thereby realizing the directional shift of the position of 
the first stopband. At the same time, the increase of 𝑤𝑤2 will increase the radiation loss of the high-
order mode, suppress the intensity of spurious resonance, and thus increase the peak value of 
stopband attenuation. In addition, the adjustment of 𝑤𝑤2  has little effect on the passband center 
frequency, and only causes slight fluctuations in the passband impedance matching characteristics. 
It can realize the directional optimization of the first stopband while locking the center frequency, 
which solves the core pain point of difficult collaborative optimization of center frequency and 
stopband attenuation in traditional design. 

4.4. Tuning Mechanism of Resonator Spacing on Coupling Coefficient and Bandwidth 

According to the odd-even mode coupling theory in Chapter 2, the spacing 𝑠𝑠1, 𝑠𝑠2  between 
adjacent resonators directly determines the inter-unit coupling coefficient, which is the core 
regulation parameter of passband bandwidth. Fix all other parameters at the reference values, 
synchronously adjust the values of 𝑠𝑠1 and 𝑠𝑠2 with a scanning range of 0.3mm~0.5mm and a step 
size of 0.05mm. The simulation results are completely consistent with the theoretical analysis. 

As the resonator spacing decreases from 0.5mm to 0.3mm, the coupling coefficient between 
adjacent units increases from 0.028 to 0.042, and the 3dB passband bandwidth widens from 220MHz 
to 380MHz, which is completely consistent with the theoretical predictions of (8) and (11), showing a 
significant negative correlation regulation characteristic. The internal mechanism is that the reduction 
of resonator spacing will significantly enhance the fringe field coupling strength between adjacent 
units and increase the coupling coefficient. According to Chebyshev filter synthesis theory, the 
increase of coupling coefficient will directly widen the passband bandwidth. 

At the same time, the simulation results show that the adjustment of spacing has little effect on 
the passband center frequency, with the center frequency offset less than 50MHz, and only causes 
slight fluctuations in the impedance matching characteristics in the passband. Thus, it is clear that the 
resonator spacing is an exclusive regulation parameter of passband bandwidth, which can realize 
precise regulation of passband bandwidth without basically changing the center frequency, and 
provides a core means for collaborative optimization of bandwidth and stopband characteristics. The 
quantitative fitting shows that the correlation between the coupling coefficient and the spacing is 
𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −0.07𝑠𝑠 + 0.063  (𝑅𝑅2 = 0.987 ), which provides a direct basis for the quantitative design of 
bandwidth. 
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4.5. Multi-Parameter Synergistic Effect and Influence Weight Analysis 

Based on the orthogonal test results designed in Chapter 3, the variance analysis method is used 
to quantify the influence weight and statistical significance of each core parameter on different 
performance indexes. The results are shown in Table 4. Among them, the influence weight is 
expressed by variance contribution rate. The larger the value, the stronger the regulation effect of the 
parameter on the corresponding performance index; P value less than 0.05 indicates that the 
parameter influence is statistically significant. 

Table 4. Influence weight and significance of core parameters on filter performance. 

Performance 
index 

Core influence 
parameters (weight 
proportion) 

Secondary 
influence 
parameters 

No significant influence 
parameters (P>0.05) 

Passband center 
frequency 

𝑘𝑘 (42.3%), 𝑙𝑙2 (28.7%), 
 𝑙𝑙1 (21.5%) 

𝑙𝑙3 (5.2%) 𝑤𝑤1,𝑤𝑤2,𝑤𝑤3, 𝑠𝑠1 

3dB passband 
bandwidth 

𝑠𝑠1, 𝑠𝑠2 (68.2%), 𝑘𝑘 (17.5%) 𝑤𝑤1,𝑤𝑤3 (10.3%) 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3,𝑤𝑤2 

First stopband 
attenuation 𝑤𝑤2 (57.6%), 𝑤𝑤3 (22.1%) 𝑤𝑤1 (12.4%) 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3,𝑘𝑘, 𝑠𝑠1 

In-band return 
loss 𝑤𝑤3 (41.2%), 𝑤𝑤1 (35.7%) 

𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(12.5%), 𝑠𝑠1 
(8.1%) 

𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3,𝑘𝑘,𝑤𝑤2 

The variance analysis results clarify the regulation priority and strong coupling effect of each 
parameter, and provide a quantitative basis for multi-index collaborative optimization: 
1. Parameter regulation priority: The core regulation parameters of center frequency are 𝑘𝑘, 𝑙𝑙1, 𝑙𝑙2; 

the core regulation parameters of bandwidth are 𝑠𝑠1, 𝑠𝑠2 ; the core regulation parameter of 
stopband attenuation is 𝑤𝑤2; the core regulation parameters of impedance matching are 𝑤𝑤1,𝑤𝑤3. 
This result provides direct quantitative support for the parameter selection of the subsequent 
three-stage design process. 

2. Strong coupling parameter pair identification: 𝑤𝑤1 and 𝑤𝑤3 have a strong coupling effect on 
impedance matching and stopband characteristics, and their collaborative adjustment will affect 
both performance indexes at the same time, which need to be optimized synchronously in the 
design; 𝑘𝑘 and 𝑠𝑠1, 𝑠𝑠2 have a coupling effect on bandwidth, and the bandwidth fluctuation needs 
to be compensated by spacing adjustment after overall scaling. 

3. Multi-index collaborative optimization contradiction: The regulation parameters of center 
frequency and stopband attenuation have no significant coupling, which can realize step-by-
step independent regulation; while the regulation parameters of stopband attenuation and 
impedance matching have coupling, so it is necessary to balance the optimization objectives of 
the two in the design to avoid focusing on one and losing the other. 

5. Three-Stage Standardized Design Procedure and Experimental Verification 

Aiming at the industry pain points of blind parameter adjustment, great difficulty in multi-index 
collaborative optimization, and long design iteration cycle in the traditional patch-type interdigital 
bandpass filter design, this chapter extracts and constructs a three-stage standardized directional 
design process of “center frequency coarse tuning - stopband characteristic and bandwidth 
optimization - impedance matching fine tuning”. Through step-by-step directional regulation, this 
process effectively avoids the design conflict caused by multi-parameter coupling, and transforms 
the traditional empirical “blind trial and error” into “directional optimization” with clear theoretical 
support. 
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5.1. Construction of Three-Stage Standardized Directional Design Procedure 

5.1.1. Core Basis for Process Construction 

The construction of this process is completely based on the core research conclusions in Chapter 
4. The core logic is: according to the regulation priority, coupling characteristics and safety boundary 
of parameters on performance indexes, the multi-index collaborative optimization of the filter is 
disassembled into three independent design stages. Each stage only regulates the core parameters 
corresponding to the performance, and the selected parameters have minimal impact on the locked 
performance indexes, which fundamentally solves the coupling contradiction of “adjusting one 
parameter, messing up all indexes” in traditional design. The core basis for process construction is as 
follows: 
1. Clear parameter regulation priority: The core regulation parameters of center frequency are 

𝑘𝑘, 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 , whose impact on bandwidth and stopband characteristics can be controlled in a 
minimal range through synchronous adjustment; the core regulation parameter of passband 
bandwidth is 𝑠𝑠1, 𝑠𝑠2, and the core regulation parameter of stopband characteristics is 𝑤𝑤2, both of 
which have less than 1% impact on the center frequency, and can be optimized while locking the 
center frequency; the core regulation parameter of impedance matching is 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, whose impact 
on center frequency, bandwidth and stopband characteristics is negligible, and can be used for 
lossless fine-tuning in the final stage. 

2. Clear safety boundary: The safe adjustment range of each parameter is clarified, such as the 
adjustment of single-segment length not exceeding ±10% of the reference value, and the single 
step size of high-sensitivity width parameters not exceeding 0.05mm, to avoid performance 
deterioration caused by parameter overshoot. 

3. Resolution of multi-index collaborative contradiction: Through step-by-step design, the coupled 
optimization of “center frequency - stopband attenuation - impedance matching” is 
disassembled into independent steps. The optimization results of the previous stage will not be 
significantly damaged by the adjustment of the later stage, which greatly reduces the design 
difficulty. 

5.1.2. Phased Standardized Operation Specifications 

This process is applicable to the customized design of patch-type interdigital bandpass filters in 
the full Sub-6GHz frequency band. Each stage clearly defines the design objectives, core regulation 
parameters, standardized operation criteria, termination conditions and boundary constraints, 
forming a directly reusable and reproducible engineering design specification, as follows: 

Stage 1: Center Frequency Coarse Tuning 
• Design objective: Quickly adjust the passband center frequency of the filter to the target 

frequency band, with the deviation controlled within ±2% of the target value, while ensuring 
that the relative bandwidth change of the passband does not exceed 10%, and avoiding 
fundamental deterioration of stopband characteristics. 

• Core regulation parameters: Overall scaling factor 𝑘𝑘, resonator segment length 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 
• Standardized operation criteria: 

a) Large-scale frequency adjustment preferentially adopts overall scaling factor 𝑘𝑘 regulation: 
according to the ratio of the target center frequency 𝑓𝑓0′ to the initial reference model center 
frequency 𝑓𝑓0 , calculate the initial value of 𝑘𝑘  according to (6) 𝑓𝑓0′ = 𝑓𝑓0/𝑘𝑘 , to realize the 
overall linear translation of the center frequency. This method can keep the coupling 
coefficient between resonators and the relative bandwidth basically unchanged during 
frequency adjustment. The single adjustment step size of 𝑘𝑘 is controlled in the range of 
0.02~0.05 to avoid serious distortion of S-parameter characteristics caused by excessive single 
scaling ratio. 
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b) Small-scale frequency fine-tuning adopts three-segment length synchronous regulation: on 
the basis of 𝑘𝑘 coarse tuning, synchronously increase/decrease 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 in equal proportion 
to realize precise fine-tuning of the center frequency. This method can maintain the 
characteristic impedance distribution and coupling characteristics of the resonator constant 
while adjusting the center frequency, avoiding performance degradation caused by 
excessive adjustment of a single parameter. 

c) Large independent adjustment of single-segment length is prohibited: only when the center 
frequency deviation is less than 5%, single-segment length can be used for micro fine-tuning, 
and the adjustment range shall not exceed ±10% of the reference value. 

• Termination conditions: The deviation between the passband center frequency and the target value 
≤±2%, the relative change of the passband 3dB bandwidth ≤10%, and the overall in-band return loss 
is better than -10dB. 

• Boundary constraints: The adjustment range of the overall scaling factor 𝑘𝑘 is 0.8~1.2. Beyond this 
range, the basic topology of the resonator needs to be re-optimized. 

Stage 2: Stopband Characteristic and Bandwidth Optimization 
• Design objective: On the premise that the center frequency is locked (deviation ≤±1%), complete the 

precise regulation of passband bandwidth and the attenuation optimization of the target stopband, 
and realize the collaborative balance between bandwidth and stopband characteristics. 

• Core regulation parameters: Resonator spacing 𝑠𝑠1, 𝑠𝑠2, resonator width 𝑤𝑤2,𝑤𝑤1,𝑤𝑤3 
• Standardized operation criteria: 

a) Bandwidth precise regulation preferentially adjusts resonator spacing 𝑠𝑠1, 𝑠𝑠2: according to 
the target bandwidth requirements, synchronously adjust 𝑠𝑠1 and 𝑠𝑠2. Reducing the spacing 
can enhance the coupling strength and widen the passband bandwidth, and increasing the 
spacing can weaken the coupling and narrow the bandwidth. This parameter has little effect 
on the center frequency. The single adjustment step size is controlled within 0.05mm. The 
center frequency offset is monitored in real time during the adjustment process to ensure 
that the deviation does not exceed ±1%. 

b) Directional regulation of the first stopband preferentially adjusts 𝑤𝑤2 : fine-tune the 𝑤𝑤2 
parameter according to the position and attenuation requirements of the target stopband. 
Increasing 𝑤𝑤2  will increase the attenuation peak of the first stopband and push the 
stopband to the high frequency direction, while reducing 𝑤𝑤2 will reduce the attenuation 
peak of the stopband and push the stopband to the low frequency direction. The single 
adjustment step size is controlled at 0.01~0.03mm to avoid significant impact on the core 
characteristics of the passband. 

c) Full-band stopband suppression optimization adopts collaborative adjustment of 𝑤𝑤1 and 
𝑤𝑤3: based on the high sensitivity characteristics of 𝑤𝑤1 and 𝑤𝑤3 to full-band S-parameters, 
the two groups of parameters are adjusted collaboratively in a small range to suppress the 
out-of-band spurious passband and improve the overall attenuation level of the stopband. 
During the adjustment process, the change range of the two groups of parameters should 
be consistent to avoid the shift of the passband center frequency, and the single adjustment 
step size should not exceed 0.05mm. 

• Termination conditions: The deviation between the passband bandwidth and the target value ≤±5%, 
the target stopband attenuation meets the design requirements, and the deviation between the center 
frequency and the target value ≤±1%. 
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• Boundary constraints: The adjustment range of all parameters in this stage shall not exceed ±10% of 
the reference value to avoid damaging the locked center frequency characteristics. 

Stage 3: Impedance Matching Fine Tuning 
• Design objective: On the premise that the center frequency, bandwidth and stopband characteristics 

are completely locked, optimize the in-band return loss 𝑆𝑆11, improve the port impedance matching 
performance, reduce the in-band insertion loss, and complete the final performance optimization of 
the filter. 

• Core regulation parameters: Feed microstrip line length 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, end width of the first/last resonator, 
resonator spacing 𝑠𝑠1 

• Standardized operation criteria: 
a) Preferentially fine-tune the feed microstrip line length 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓: optimize the port impedance 

matching by adjusting the length of the feed section, with a single adjustment step size not 
exceeding 0.1mm. This parameter has little effect on the center frequency, bandwidth and 
stopband characteristics, and can significantly optimize the in-band 𝑆𝑆11  level without 
changing the core filtering indexes. 

b) In-depth optimization adopts fine-tuning of the first/last resonator parameters: if the 
adjustment of 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 cannot meet the matching requirements, slightly adjust the width of 
the first/last resonator and the adjacent spacing 𝑠𝑠1, optimize the external quality factor of 
the input and output ends, regulate the minimum value of in-band 𝑆𝑆11 to below -20dB, and 
ensure that the overall in-band 𝑆𝑆11 is better than -15dB. The symmetry of the structure 
must be strictly maintained during the adjustment process to avoid the deterioration of 
passband flatness. 

• Termination conditions: The minimum in-band return loss ≤-20dB, the average in-band return 
loss ≤-15dB, the maximum in-band insertion loss meets the design requirements, and the change 
range of core performance indexes (center frequency, bandwidth, stopband attenuation) does 
not exceed ±1%. 

• Boundary constraints: The adjustment range of all parameters in this stage shall not exceed ±5% 
of the reference value to ensure that the locked core performance does not shift significantly. 

5.2. Design Example and Simulation Verification 

To verify the effectiveness and engineering practicability of the above three-stage standardized 
design process, this paper completes the optimal design of the filter based on this process. The design 
objectives are completely consistent with the original paper: shift the passband center frequency of 
the reference filter from 2.45GHz down to 2.0GHz, and improve the passband impedance matching 
performance and stopband rejection capability. The specific design indexes are shown in Table 5. 

Table 5. Target performance indexes of the design example. 

Core performance index Design target value 

Passband center frequency 2.0GHz 

3dB passband bandwidth 400MHz 

Minimum in-band return loss ≤-30dB 

Average in-band return loss ≤-20dB 

Maximum in-band insertion loss ≤0.3dB 

Minimum stopband attenuation at 1GHz out of band ≤-20dB 
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5.2.1. Three-Stage Design Process 

The design process strictly follows the three-stage standardized process proposed in this paper. 
The complete operation process and iteration records are as follows: 

Stage 1: Center frequency coarse tuning (2 iterations) 
The center frequency of the initial reference model is 2.45GHz. According to the target frequency 

of 2.0GHz, the initial scaling factor 𝑘𝑘 = 2.45/2.0 = 1.225 is calculated. Considering the performance 
deterioration risk of large-scale scaling, 𝑘𝑘 = 1.1  is first used to complete the overall scaling. The 
simulation results show that the center frequency is shifted down to 2.23GHz, the bandwidth is 
maintained at 290MHz, which is basically consistent with the initial relative bandwidth, and no 
significant performance deterioration occurs. 

Synchronously increase the length of 𝑙𝑙1, 𝑙𝑙2, 𝑙𝑙3 by 8% in equal proportion. The simulation results 
show that the center frequency is accurately shifted down to 2.01GHz, with a deviation of only 0.5% 
from the target value, the passband bandwidth is 300MHz, and the average in-band return loss is -
14dB, which meets the termination conditions of Stage 1 and completes the center frequency locking. 

Stage 2: Stopband characteristic and bandwidth optimization (1 iteration) 
• Bandwidth regulation: synchronously reduce 𝑠𝑠1, 𝑠𝑠2  from 0.4mm to 0.35mm. The 

simulation results show that the 3dB passband bandwidth is widened from 300MHz to 400MHz, 
which fully meets the target requirements, and the center frequency is only shifted by 0.02GHz, with 
a deviation less than 1%. 

• Stopband optimization: increase 𝑤𝑤2  from 0.62mm to 0.65mm. The simulation results 
show that the attenuation peak of the first stopband is increased from -32dB to -42dB, the stopband 
attenuation at 1GHz out of band is better than -20dB, which meets the design objectives, the center 
frequency has no significant shift, and the Stage 2 optimization is completed. 

Stage 3: Impedance matching fine tuning (1 iteration) 
• Preferentially adjust the feed microstrip line length 𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  from 5.0mm to 5.3mm. The 

simulation results show that the average in-band return loss is optimized from -14dB to -20dB, and 
the minimum return loss reaches -33dB. 

• Slightly reduce the spacing 𝑠𝑠1 of the first/last resonator to 0.34mm to further optimize 
the port matching. Finally, the minimum in-band return loss reaches -35dB, the average return loss 
is better than -20dB, the maximum in-band insertion loss is 0.3dB, which fully meets the design 
objectives, the core performance indexes have no significant shift, and the final optimization is 
completed. 

The whole design process only completes 3 simulation iterations, which is far less than the 8~10 
iteration cycle of traditional empirical design. The core structural parameters of the optimized filter 
are shown in Table 6, which is fully compatible with the optimized parameters of the original paper. 

Table 6. Core structural parameters of the optimized filter. 

Parameter symbol Optimized value Parameter symbol Optimized value 

𝑙𝑙1 5.18mm 𝑤𝑤1 2.3mm 

𝑙𝑙2 4.75mm 𝑤𝑤2 0.65mm 

𝑙𝑙3 4.54mm 𝑤𝑤3 1.5mm 

𝑘𝑘 1.1 𝑠𝑠1 0.34mm 
𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 5.3mm 𝑠𝑠2 0.35mm 

5.2.2. Simulation Verification Results 

The simulation results shown in Figure 13 and 14, which shows that the effective passband of 
the optimized filter is concentrated in the 1.8~2.2GHz frequency band, and the passband center 
frequency is 2.0GHz, which is completely consistent with the design objective; the amplitude of the 
in-band insertion loss 𝑆𝑆21 is close to 0dB, the maximum in-band insertion loss is better than 0.3dB, 
and the signal transmission efficiency is high; the return loss 𝑆𝑆11 reaches -35dB at the center of the 
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passband, and the overall 𝑆𝑆11 in the passband is better than -20dB, so the port impedance matching 
performance is excellent. In the stopband interval below 1.8GHz and above 2.2GHz, 𝑆𝑆21 is rapidly 
attenuated to below -20dB, which realizes effective suppression of out-of-band interference signals. 
The overall performance shows excellent filtering characteristics with flat passband and sufficient 
stopband suppression, and fully achieves the preset design objectives. 

 
Figure 13. The S-parameters of the optimized filter. 

 
Figure 14. The S-parameters of the original filter. 

5.2.3. Quantitative Comparison with Traditional Empirical Design Method 

To verify the efficiency advantage of the design process in this paper, the traditional empirical 
design method and the three-stage standardized design method in this paper are used to complete 
the filter design with the same indexes, and the quantitative comparison is carried out from three 
dimensions: design iteration times, design duration, and index compliance rate. The results are 
shown in Table 7. 

Table 7. Performance comparison between the proposed method and the traditional empirical design 
method. 

Comparison 
dimension 

Traditional 
empirical design 
method 

Three-stage standardized 
design method in this 
paper 

Optimization 
effect 

Design iteration times 8~10 times 3 times 
Shortened by 
more than 70% 

Design duration of 
single filter 4~6 hours 1~1.5 hours 

Shortened by 
more than 75% 

Compliance rate of 
core indexes 

60%~70% 100% Increased by more 
than 30% 
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Risk of passband 
performance 
deterioration 

High (prone to 
passband 
distortion) 

Low (step-by-step locking 
of core indexes) 

Significantly 
reduced risk 

The comparison results show that the three-stage standardized design process proposed in this 
paper fundamentally solves the problem of blindness in parameter adjustment in traditional design, 
greatly shortens the design iteration cycle of the filter, reduces the dependence on engineers 
experience, and ensures the high compliance rate of design indexes, which verifies the engineering 
practicability and superiority of the proposed method, and is completely consistent with the core 
conclusions of the original paper. 

5.3. Fabrication and Experimental Measurement 

Based on the optimized filter topology and core parameters in this chapter, the physical sample 
is processed in a standardized manner. The experimental platform conforming to the IEEE RF device 
test specification is built, and the SOLT dual-port calibration of the test system is completed by using 
Keysight E5071C vector network analyzer (VNA). All tests follow the industry general standards for 
RF microwave passive device testing, and the test content is fully corresponding to the performance 
evaluation system established above. After the calibration is completed, the filter sample is connected 
to the VNA dual ports through the amplitude-stabilized and phase-stabilized RF cables. The test 
frequency range is set to DC~8GHz, the number of scanning points is 1601, the intermediate 
frequency bandwidth is 1kHz, and the excitation power is 0dBm (completely consistent with the 
simulation settings). The full-band scanning is performed to obtain the amplitude-frequency 
characteristic curves of return loss 𝑆𝑆11 and insertion loss 𝑆𝑆21. Figure 16 shows the test results of the 
S parameters. 

 

Figure 15. Testing System and Filter. 

 

Figure 16. Test results of the S parameters (a) Test result of reference filter; (b) Test result of optimal 
filter. 
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The measured results of the fabricated filter are in good agreement with the simulation results, 
which verifies the accuracy of the established electromagnetic simulation model and the engineering 
effectiveness of the proposed design method. To ensure the comparability of simulation and 
measured data and the rigor of experimental data, standardized preprocessing was performed on all 
test data, including eliminating abnormal invalid data caused by poor connection and calibration 
failure, taking the arithmetic mean of repeated test data, calculating the standard deviation and 95% 
confidence interval, and unifying the calculation method of all performance indexes with the 
simulation data. The systematic analysis of the deviation between simulation and measurement 
shows that the errors mainly come from three core sources: the first is manufacturing error, including 
the batch tolerance of substrate dielectric constant and thickness, the etching tolerance of line width 
and length, the parasitic parameters of metallized vias, and the impedance discontinuity introduced 
by SMA connector welding in the PCB processing link; the second is test system error, including the 
system measurement error of the vector network analyzer (VNA), the residual error of SOLT 
calibration, the amplitude and phase fluctuation of test cables, and the insertion loss of SMA 
connectors; the third is random error introduced by environmental temperature fluctuation, the 
repeatability difference of test connection, and the minor deviation of welding process. On this basis, 
the electromagnetic simulation model is corrected and optimized to further improve its prediction 
accuracy for physical performance, and the key parameters that need to be strictly controlled in 
engineering design are clarified, which provides an optimization direction for the mass production 
design and multi-scene customized application of the filter. 

6. Discussion 

The core theoretical value of this paper is to systematically reveal the internal influence 
mechanism between structural parameters and filtering performance for the three-segment tapered 
interdigital resonator, which is widely used in engineering but insufficient in theoretical research, 
and fills the three core theoretical gaps in existing research. 

First, this paper corrects the adaptability problem of the resonance model in traditional 
interdigital filter design, and establishes a 1/4 wavelength terminal short-circuit resonance theoretical 
framework completely matched with the three-segment structure, and quantifies the difference in 
regulation sensitivity of resonator segment length on center frequency. Most of the existing classical 
studies focus on uniform-width interdigital resonators, and only establish the basic correlation 
between the total length of the resonator and the center frequency. However, through theoretical 
derivation and simulation verification, this paper clarifies that the regulation sensitivity of 𝑙𝑙1 and 𝑙𝑙2 
to the center frequency is significantly higher than that of 𝑙𝑙3 . The core mechanism is that the 
difference in effective permittivity of different width segments leads to different contributions of 
effective electrical length per unit physical length. This finding improves the resonance theory of non-
uniform microstrip resonators, and provides direct theoretical support for precise frequency 
regulation of segmented resonators. 

Second, this paper reveals for the first time the directional regulation mechanism of the narrow 
segment width 𝑤𝑤2  of the resonator on the first stopband, which solves the core contradiction of 
difficult collaborative optimization of center frequency and stopband attenuation in traditional 
design. Most of the existing studies optimize the stopband characteristics through overall structural 
bending, defected ground structure and other methods, which will inevitably change the passband 
center frequency and coupling characteristics. However, this paper finds that the adjustment of 𝑤𝑤2 
has little effect on the fundamental resonant mode (passband center frequency), but has a significant 
directional regulation effect on the 3rd high-order resonant mode that determines the first stopband. 
It can realize the lossless optimization of stopband characteristics while locking the center frequency. 
This finding breaks through the inherent design logic of “passband-stopband collaborative 
optimization must require repeated iteration of multiple parameters” of traditional interdigital filters, 
and provides a new idea for the directional design of stopband characteristics. 

Third, through orthogonal experiments and variance analysis, this paper quantifies the influence 
weight and interactive coupling effect of multiple parameters on different performance indexes of 
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the filter, and improves the multi-parameter collaborative design theory of interdigital filters[20]. 
Most of the existing studies adopt the single-factor controlled variable method, which can only 
analyze the independent influence of a single parameter, and cannot clarify the coupling relationship 
between multiple parameters, which is also the core reason for “adjusting one parameter, messing 
up all indexes” in traditional design. Through variance analysis, this paper clarifies that: the core 
influence parameters of center frequency are 𝑘𝑘, 𝑙𝑙1, 𝑙𝑙2, the core influence parameters of bandwidth are 
𝑠𝑠1, 𝑠𝑠2, and the core influence parameter of stopband attenuation is 𝑤𝑤2. There is no strong coupling 
effect between the three types of parameters, which provides a quantitative basis for step-by-step 
directional design, and solves the design conflict of multi-parameter coupling at the theoretical level. 

The three-stage standardized design process of “center frequency coarse tuning - stopband 
characteristic and bandwidth optimization - impedance matching fine tuning” extracted in this paper 
has core engineering value in transforming the traditional “blind trial and error design” relying on 
engineers experience into a “directional optimization design” with clear theoretical support, 
reproducibility and low threshold, which accurately matches the core requirements of the current 
5G/6G RF front-end industry. 

From the perspective of industry application scenarios, the large-scale implementation of 5G/6G 
communication technology has brought multi-band, small-batch, and rapid customized filter design 
requirements. Traditional empirical design requires more than 8-10 simulation iterations, and the 
design cycle of a single device is as long as 4-6 hours, which is difficult to adapt to the rapid R&D 
rhythm of multi-band RF front-ends. The design process proposed in this paper can complete 
customized design with only 3~4 iterations by locking core performance indexes step by step, 
shortening the iteration cycle by more than 70%. Moreover, the high compliance rate of design 
indexes does not depend on the experience accumulation of engineers, which greatly reduces the 
design threshold and R&D cost. Compared with the emerging machine learning aided design 
methods in the current industry, the process in this paper is a “white box” design, which does not 
require a large number of data set training, has no insufficient generalization ability of black box 
models, and can be directly applied to customized design in any Sub-6GHz frequency band, which 
is more suitable for rapid implementation in the engineering front line[21]. 

Based on the core achievements and limitations of this study, combined with the technical 
development trend in the field of RF filters, the application frequency band and structure range of 
this research method can be further expanded in the future, and the research on high robustness and 
high power filter design can be carried out, so as to expand the application scenarios of interdigital 
filters in anti-strong interference RF systems. 

7. Conclusion 

Aiming at the rapid customized design requirements of 5G/6G RF front-end filters, this paper 
focuses on the industry pain points of strong empirical dependence, blind parameter tuning, difficult 
multi-index collaborative optimization and long design cycle in traditional patch-type interdigital 
bandpass filter design, and carries out systematic theoretical and experimental research on a 
symmetric five-resonator three-segment patch-type interdigital BPF. 

The core academic contributions and engineering advantages of this paper, compared with the 
state-of-the-art methods, are summarized as follows: 

Theoretical contribution: A corrected resonance theoretical framework for three-segment 
tapered non-uniform interdigital resonators is established, and the quantitative mapping relationship 
between key structural parameters and core performance indexes of the filter is clarified. The tuning 
sensitivity difference of each segment length of the resonator on the center frequency is quantified, 
which improves the classical resonance theory of non-uniform microstrip resonators, and provides 
rigorous theoretical guidance for the parameter tuning of such filters in engineering design. 

Original discovery: The directional tuning mechanism of the resonator’s narrowest segment 
width on the first stopband is revealed for the first time. Different from the traditional stopband 
optimization methods that rely on topological modification, this mechanism can realize the lossless 
optimization of stopband characteristics while locking the passband center frequency, which 
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fundamentally solves the inherent trade-off between center frequency tuning and stopband 
performance degradation in traditional interdigital filter design. 

Methodological innovation: A three-stage standardized directional design procedure is 
constructed based on the parameter tuning priority, coupling characteristics and safety boundary. 
Compared with the traditional empirical trial-and-error method (8–10 iterations, 4–6 hours design 
cycle), the proposed method reduces the number of design iterations to 3, shortens the design cycle 
by more than 70%, and achieves 100% compliance rate of core design indexes. Compared with the 
black-box machine learning-aided design methods, the proposed method is an interpretable “white-
box” design, which does not require a large number of data set training, has strong generalization 
ability in the full Sub-6GHz band, and greatly reduces the design threshold of interdigital filters. 

The effectiveness of the proposed method is fully verified by simulation and physical 
measurement. It should be noted that the proposed method is currently applicable to the design of 
symmetric three-segment patch-type interdigital BPFs in the Sub-6GHz band, and its applicability in 
millimeter-wave band, high-order filters and multi-band reconfigurable filters needs to be further 
expanded. In the follow-up research, we will further verify the engineering robustness of the method 
under batch PCB processing tolerance, expand its application scope in millimeter-wave high-
frequency scenarios, and carry out research on multi-band reconfigurable filter design based on the 
proposed directional tuning mechanism, so as to provide more comprehensive technical support for 
the design of 5G/6G RF front-end systems. 
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