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ABSTRACT This paper presents an efficient hybrid method of filter modeling that combines a fast tuning 
step (FT) to a global optimization technique to design a new topology of a 4th order cross-coupled resonator 
bandpass microwave filter. The method can rapidly extract the coupling matrix (CM) from the 
electromagnetic (EM) simulated scattering parameters (S-parameters) of a rectangular waveguide resonator 
bandpass filter with losses that will be implemented in a computer-aided tuning (CAT) tool to develop a high 
performance microwave bandpass filter design simulated by successively adding a one resonator each time 
of a set of sequential tuning iterations within the ANSYS-HFSS (ANSYS-High Frequency Structure 
Simulator). This minimizes the time of designing of the microwave filter's structure as well as permits to 
build a higher waveguide filter's order providing a complex cross-coupling. A filter parameters’ manual-
coarse adjustment is finally achieved by implementing a step by step optimization algorithm (SSOA) tool 
based on the EM-simulator as a fast process for ideal refinement to the partial circuital response. 

INDEX TERMS Bandpass Filter, Microwaves, Coupling Matrix, Cross-Coupling, Tuning, EM-Simulation. 

I. INTRODUCTION 
HE synthesis of microwave filters affords an easy  
procedure to obtain the parameters of the equivalent 

circuits to meet the design requirements [1, 2]. The microwave 
filters with cross-coupled resonators, which gives a finite 
transmission zeros (TZs) [3], was broadly utilized to (1) 
enhance the near-to-band skirt selectivity; (2) reach in-band  
flat group delay; (3) separate the single-band into several pass-
bands [4, 5]. Conversely, in comparison with the traditional 
direct-coupled resonator bandpass filter, the 4th cross-coupled 
resonator bandpass filter is extra complicated to be physically 
implemented, due to the interrelationship introduced by the 
cross-couplings [6].  
A growing request for bandpass filter’s design technique 
without a demand for excessive optimization [7] has been 
resulted. The procedure of the design timing, accuracy and 
complexity can be significantly enhanced by employing 
appropriate techniques that still less accurate specially for 
designing filters with cross-coupled responses [8, 9]. Filters 
stand on cross-coupled resonators, with real or complex 
transmission zeros, have been widely used to (i) enhance 
beside to band selectivity and (ii) attain in-band group delay 
linearity. The cross-coupled  filter  is  more  difficult  to  be  
physically implemented, because of the interactions 

introduced by the cross-couplings  than the  conventional  in-
line  resonator  coupled  filter. 
Conventionally, the design techniques of direct-coupled 
filters have been adopted to excerpt the cross-coupled filter’s 
dimensions [10, 11]. After having obtained the initial 
physical dimensions of each iris and cavity, an overall 
structure optimization is required so that to achieve the 
desired electromagnetic response that stills traditional and 
less efficient. The structure optimization becomes slow for a 
circuit containing a higher order and/or complex cross-
coupled topology that disrupts the convergence of final 
results. The global optimization becomes then a more time-
consuming technique and the final optimization may fail to 
converge to acceptable solutions because of the large amount 
of controlling parameters. Here, an efficient method is 
presented to overcome the suggested problem. Accordingly, 
this paper presents different steps of estimation to design 
microwave filters with the purpose of minimizing the 
encountered issues. It is important to note that precise 
analysis of microwave filters requires resolving Maxwell´s 
equations in structure, thus assessing objective functions in 
optimization techniques may take some hours. In this 
research study, ANSYS-HFSS based on accurate design 
approach is chosen for simulation as an accurate EM 
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simulator to help determining the required physical initial 
parameters of a cross-coupled bandpass microwave filter.  
The design procedures enable to consider assignation of 
cross-coupling and provide precise desired dimensions 
basing on effective step by step optimization algorithm 
without needing for a global optimization process that allows 
to reduce the design timing. The proposed technique may 
find useful applications to design resonators based on cross-
coupled filters [12].  
 
II. Design Procedures 
The design of the bandpass filter can be executed following 
two ways: Synthesizing the polynomial transfer functions of 
the filters and extracting the filter coupling matrix by 
optimization. 

A. POLYNOMIALS DESIGN AND COUPLING MATRIX 
CIRCUIT 
From general of any microwave filter, transmission and 
reflection coefficients of a two-port lossless filter network are 
given by characteristic polynomials P(s), F(s) and E(s) as in 
[12]: 

      (1) 

And 

      (2) 

Where the constant is used to normalize the highest 
polynomials’ function degrees to 1. The characteristics 
polynomials relate on each other because the energy 
conversion: 

      (3) 

The circuit model already investigated presents a bandpass 
prototype as displayed in Figure (1). It is made from a cascade 
of lumped-element resonator series inter-coupled by 
transformers. Each resonator consists of a capacitor of 1 F in 
series to a self –inductance of 1 H for each loop. 
 

FIGURE 1. Multi-coupled series-resonator bandpass prototype. 

The m matrix of a general two-port network contains one input 
port (S), n coupled resonators and one output port (L) and can 

be expressed as followed : 
 
It presents a symmetric matrix with respect to the diagonal that 
contains coupling coefficients between external and internal 
resonator ports (mS1, mS2). In addition, it is possible to 
accommodate direct couplings between all resonators as mij 
which present the coupling between i resonator and j 
resonator. However, mii presents the resonator offset 
frequency. The (N+2) coupling matrix, can be calculated from 
F, P and E polynomials using Cameron method [4]: the matrix 
entries present the de-normalized coupling coefficients given 
by Mij = mij * FBW, where FBW is the filter fractional 
bandwidth. 

B. THE STEP BY STEP OPTIMIZATION ALGORITHM  
The step by step optimization algorithm technique based on an 
electromagnetic simulator (ANSYS-HFSS) alters at each 
iteration a circuit parameter. It simulates only one resonator at 
first time and by finishing the first resonator tuning, another 
resonator is added, then the circuit is tuned or optimized again. 
More resonators are successively tuned at each step. For each 
step, a new coupling matrix is required for the tuning. The 
optimizing process works more efficiently and generates more 
reliable solutions as limited number of physical dimensions 
needs to optimize in each step. The filter topology tuning 
process is built successively by adding one resonator at a time. 

 
FIGURE 2. The four stages (a-d) of filter topology tuning process. 
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In each design step a part of the structure is selected and the 
electromagnetic simulation is compared with the coupling 
matrix ideal response correspondent to that part. Selected steps 
can be depicted  by means of the suitable diagram of Figure 
(2), in which circles represent cavities and Mij and describe the 
coupling (inverters in the circuit model) between resonators. 
The main point  of  the step by step optimization algorithm 
technique is to evaluate the S-parameters (S11/ S21) in each 
stage and apply the responses as the objective  ones for the 
physical optimizing. From the coupling coefficient of a K-
inverter between resonators i and j is given by the following 
equations: 
 
• For input and output couplings: 

      (4) 

• For the inter-resonator  couplings: 

      (5) 

Where Mij are the coupling values taken from the prototype 
coupling matrix. Kij are the RF inverter values: 
 

      (6) 

 
Where λg1 and λg2 are the guide wavelengths at the lower and 
upper band-edge frequencies, respectively. n is the number of 
half-wavelengths of the waveguide resonator cavity. In this 
case, the fractional guided wavelength bandwidth is given by: 
 

      (7) 

 
Where λg0 is the guide wavelength at the centre frequency.             
In this technique of designing, the middle stage S parameter 
responses are evaluated from their corresponding coupling 
coefficients, and act as the objective responses for the tuning; 
to plot the desired responses at each step, the inner coupling 
coefficient needs to be converted into de-normalized external 
quality factor (Qe). For instance, in step 1, Qe should be 
calculated from M12. After expressing both the external quality 
factor Qei and internal coupling coefficients M(i,i+1) using 
inverter value K [11], the relationship between M(i, i+1) and  Qei 

can be found as: 
 

    (8) 

Where λg is the guided wavelength of the resonant frequency 
and λ0 is the free-space wavelength. The coupling coefficients 
between external ports and inner resonators can be calculated 
by: 
 

    (9) 

 
i refers to the resonator number connecting to the output ports 
(L). Substituting (8) into (9) provides: 
 

      (10) 

 
Where Mi, L is the equivalent external coupling coefficient of 
the internal coupling iris. 
 
III. Waveguide Filter Design Simulation 
A cross-coupled filter has been developed in a WR-90 
waveguide whose dimensions are: a = 22.86 mm and                     
b = 10.16 mm. The passband is of 300 MHz, the central 
frequency is of 11GHz and the fraction bandwidth (FBW) is of 
0.02727 according to the method described above. The 
required characteristics are set as follows: The coupling matrix 
of a 4th order filter has been synthesized. The two transmission 
zeros on both sides of the passband at normalized frequencies 
(considering a lowpass prototype) are [-1.5, +1.5] and the 
return loss S11 is of 20 dB. In the first design step, lowpass 
prototype filter elements with the following coupling matrix 
are obtained as follows: 
 
 

 

FIGURE 3. 4th order bandpass waveguide filter topology. 
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Figure (3) shows the developed 4th cross-coupled resonator 
bandpass microwave filter prototype where all irises have the 
same thickness t = 2 mm. 
When initial dimensions of each resonator and iris are got, 
ancient techniques consisted to optimize the whole topology 
so as to obtain the demanded results. If there is a high order of 
filter circuit or a complex coupled structure, the whole 
structure optimization becomes heavy and final results 
diverge. Therefore, this paper proposes a new fast technique 
which solves the issue standing on ANSYS-HFSS. Traditional 
techniques changed all filter physical dimensions for each 
optimization iteration. However, the proposed technique 
simulates only one filter cavity for the first step. When ending 
the first cavity adjustment, another cavity is appended to the 
optimization and the filter structure will be adjusted   again. 
Further cavities are successively added to tuning step by step. 
The design can be split into four sub-step as presented in 
Figure (3). Initially, only 1st resonator dimensions (three or 
less parameters) are tuned. Therefore, a desired set of 
dimensions, whose corresponding responses match the 
objective ones, can be obtained within a short time. The 
response and obtained physical structure by the four sub-steps 
are displayed in Figure (4) to (10): 
 
• Step one 
The SSOA method starts with optimising resonator 1 of the 
crossed waveguide filter. 
 
 
 
 
FIGURE 4. Schematic of the resonator 1 in step one. 
 
Resonator 1 is coupled to two ports so the (N+2) coupling 
matrix (with N = 1) is applied as: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. Step one: EM response of tuned results (solid lines) and target 

results (dashed lines). 

According to Figure (3), Resonator 1 is coupled to Port 1 and 
Resonator 2. In Step One, Resonator 2 is replaced with a Port 
2. Resonator 3 to 4 are removed. The schematic of the circuit 
in step one is illustrated in Figure 4. Figure 5 shows the EM 
response of tuned results displayed solid lines compared to 
EM response of the target results displayed in dashed lines. 
The EM response seems to be less effective and needs more 
optimization in the following step by adding at each step a 
filter cavity to be adjusted. 
 
• Step two 
 
 
 
 
 
 
FIGURE 6. Schematic of the resonators 1 and 2 in step two. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 7. Step two: EM response of tuned results (solid lines) and target 

results (dashed lines). 

 
• Step three 
 
 
 
 
 
 
 
FIGURE 8. Schematic of the resonators 1, 2 and 3 in step three. 
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FIGURE 9. Step three: EM response of tuned results (solid lines) and target 

results (dashed lines). 
 
• Step four 
 
 
 
 
 
 
 
 
FIGURE 10.  Schematic of all resonators (1, 2, 3 and 4) in final step (step four: 

completion of all stages). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 11. Step four: EM response of tuned results (solid lines) and target 

results (dashed lines). 
 

The fourth and final step provides all dimensions of the 
optimized filter structure. The final EM response of the 4th 
cross-coupled resonator bandpass microwave is presented in 
Figure 11 that demonstrates good agreement of S11 and S21 in 
the whole filter passband due to the symmetrical transmission 
zeros pair.  
The filter parameters’ manual-coarse adjustment is finally 
achieved by implementing a step by step optimization 
algorithm as a fast process for ideal refinement to the partial 
circuital response. Final filter dimensions may be slightly 
altered to tune the response towards the desired one, as 
demonstrated in Tables 1 and 2. It can be observed that very 
small adjustments are required for the obtained dimensions in 
foregoing stages, to account for the influence from the 
subsequent resonators. 

 
TABLE I. Bandpass filter iris dimensions for each step 

 

Step Dimensions of iris (mm) 

d0,1 d1,2 d2,3 d3,4 d4,1 d4,5 
1 10.100 6.200 - - - - 
2 10.205 6.399 8.000 - - - 
3 10.205 6.378 8.000 6.510 0.700 - 
4 10.205 6.378 8.000 6.380 0.720 10.208 

 
TABLE II. Bandpass filter resonators’ length for each step 

 

Step Length of resonators (mm) 

l1 l2 l3 l4 
1 14.430 - - - 
2 14.285 15.795 - - 
3 14.385 15.800 15.800 - 
4 14.385 15.800 15.800 14.385 

IV. CONCLUSION 
This paper describes a new process of filter designing based 
on mechanical dimension calculations using a fast tuning (FT) 
and step by step optimization algorithm (SSOA) techniques to 
develop a cross-coupled resonator bandpass microwave filter 
[13]. The final structure of the filter is developed step by step 
by adding to the simulated design a one resonator at each time. 
The dimensions of the resonator are set around the target mid-
stage response as wished. Accordingly, a 4th order bandpass 
filter topology with a symmetrical transmission zeros pair has 
been successfully designed and attested using the proposed 
method that surpasses the necessity to employ a global 
optimization technique for dimensions and carries on to a 
significant decreasing in the design procedure timing. 
Furthermore, such a method permits to build a high waveguide 
filter's order with a complex cross-coupling and finds useful 
applications in the microwave field ranging from 10.7 GHz to 
11.3 GHz. 
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