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ABSTRACT This paper presents a new simplified procedure to design a fourth-order coupled resonator filter. 
This procedure does not require the calculation of complicated Eigenvalues to develop the required coupling 
matrix. It starts with studying the effects of different coupling mechanisms on the performance of the overall 
filter structure. Then, these coupling mechanisms are combined to obtain the design of the required filter. 
This procedure may be more suitable for machine learning procedure to design coupled-resonator filters. The 
proposed method is used to design a substrate integrated waveguide (SIW) bandpass filter for sub-six GHz 
5G applications. The designed SIW bandpass filter operates in the frequency range from 3.7 GHz to 3.98 
GHz which covers the New C-band 5G network with a fractional bandwidth (FBW) of 28% and is centered 
at 3.84 GHz. This filter is fabricated and measured for verification. 

INDEX TERMS Cavity resonators, Coupling coefficient, Bandpass filter. 

I. INTRODUCTION
 andpass filters consist mainly of resonators coupled to 
each other by inductive or capacitive coupling elements. 

Coupled resonator filters have found wide applications in 
modern wireless communication systems [1–2], radar 
systems [3–4] and laboratory measurement equipment [5]. 
There is a general technique for designing these filters that 
can be applied to any type of resonator regardless of its 
physical structure [6]. This technique is based on 
determining the coupling matrix for the coupled resonators 
arranged in a specific topology. The methods for deriving the 
coupling matrices are extensively discussed in [7–11]. These 
methods are based on direct synthesis combined with matrix 
rotations [7–9] or based on optimization of the coupling 
matrix [10, 11]. 
Using the coupling matrix method [12, 13] to tune a coupled 
resonator filter is a complicated problem. Conventional steps 
to design a bandpass filter starts with calculating the 
coupling matrix. The coupling element between the 
input/output port and the first/last resonator depends on the 
external quality factor of these resonators when they are 
connected to input/output loads. Moreover, the remaining 
coupling elements of the coupling matrix are related to the 
coupling coefficients between the different cavities. To 
obtain the external quality factors and the coupling 
coefficients, different simulations are performed to present 
the relation between these parameters and the physical 
dimensions of the coupling parts between resonators; for 
example, the width of the slot between cavities. Then, 
according to the required values of the coupling matrix 
elements, the required dimensions of the coupling parts for a 

specific response are determined from these simulated 
results. The disadvantage of this technique is that the 
obtained dimensions by simulation are obtained for the case 
of isolated resonators. When all these resonators are coupled 
together to develop the required structure of the bandpass 
filter, the coupling mechanism is slightly changed. Thus, 
after developing the complete structure, it would be required 
to perform fine tuning to obtain the required performance.  

This paper presents simple steps to realize a fourth-order 
coupled resonator bandpass filter. In this case, the physical 
dimensions of the complete filter are extracted directly from 
different coupling mechanisms between four coupled 
waveguide cavities and the required bandpass performance. 
This method does not depend on calculating the coupling 
matrix. This procedure may be more suitable for deep 
learning and direct optimization techniques to design 
coupled-resonator filters [14-16].   

The proposed procedure starts with studying the single 
cavity resonator and its equivalent RLC circuit model. Then, 
two coupled cavity resonators are also investigated to adjust 
the start and stop frequencies of the bandpass range. After 
that, the effects of different coupling mechanisms between 
the four coupled resonators on the performance of the overall 
filter structure are investigated separately. Then, these 
coupling mechanisms are combined to obtain the final design 
of the required filter. Numerical simulations of the resonators 
and bandpass filter are developed by using HFSS and ADS. 
Finally, to experimentally implement the filter, these 
waveguide cavities are replaced by the equivalent SIW 
cavities. The proposed filter in this paper is a bandpass filter 
in the frequency range from 3.7 to 3.98 GHz which covers 
the New C-band 5G network with an attenuation of more 
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than 20dB in the frequency range from 4.2 to 4.4 GHz. These 
specifications are mainly required to reduce the interference 
of the C-band 5G network and radio altimeter systems in 
aircrafts [18].  

This paper is organized as follows: Section II presents the 
different coupling mechanisms between cavity resonators. 
Section III presents the design procedures of the fourth-order 
coupled resonators filter. Section IV presents the fabricated 
design and the experimental results of the bandpass filter. 
Finally, the conclusion of this work is included in Section V. 

II. DESIGN AND ANALYSIS OF a FOURTH-ORDER
COUPLED-RESONATOR FILTER
In this section, the single cavity resonator and its equivalent
RLC circuit model are studied. In addition, two coupled
cavity resonators are also studied to adjust the start and stop
frequencies of the operating band. Four resonators are
coupled in a specific topology to construct the required filter
geometry. Then, the effects of different coupling
mechanisms between these four coupled resonators are
investigated on the performance of the overall filter structure.

A. SINGLE CAVITY RESONATOR

Fig.1-a shows a rectangular cavity resonator, 𝑅𝑅1, which can 
be implemented as a section of a rectangular waveguide 
resonator filled with a dielectric constant, 𝜀𝜀𝑟𝑟 , with 
dimensions a, b and height, h, where h <b≤ 𝑎𝑎. The resonance 
frequency of the dominant, TE101, mode of this rectangular 
cavity is: 

𝐹𝐹101 =
𝑐𝑐
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where, 𝑐𝑐 is the speed of light in free space. The unloaded 
quality factor of this cavity resonator is dominated by the 
dielectric loss since the conductor loss is much less in the 
proposed frequency range in the sub-six GHz band of 5G. 
Thus, the unloaded quality factor can be approximated as: 

𝑄𝑄0 ≅
1

tanδ (2) 
where, tanδ is the loss tangent of the filling dielectric 
material. 

This cavity resonator is connected by weak coupling to 
the input and output ports to determine its resonance 
response. For the present case, the proposed resonance 
frequency is 3.83 GHz. The filling dielectric material is 
assumed to be Rogers RT/Droid 5880 of 𝜀𝜀𝑟𝑟 = 2.2  and 
tanδ = 0.0009 . The dimensions of the rectangular cavity 
which correspond to the resonance frequency of 3.83 GHz 
would be 𝑎𝑎 = 𝑏𝑏 = 37.34 𝑚𝑚𝑚𝑚 and the height is assumed to 
be ℎ = 0.787 𝑚𝑚𝑚𝑚. This cavity resonator is coupled to two 
waveguide ports through narrow coupling slots as shown in 
Fig. 1-a. The width of the coupling slot in the present case is 
5mm.  

On the other hand, Fig. 1-b shows the equivalent parallel 
RLC circuit resonator. This parallel RLC circuit is connected 
to the input and output ports via small coupling capacitors, 
c1 , which corresponds to the required week coupling. The 
value of c1  in the present case is 0.01pF. The resonance 
frequency of a parallel RLC is given by:  

𝑓𝑓𝑜𝑜 =
1

2𝜋𝜋√𝐿𝐿𝐿𝐿
(3) 

and the unloaded quality factor of a parallel RLC circuit is: 

𝑄𝑄𝑜𝑜 = 2π𝑓𝑓𝑜𝑜RC =
R

2𝜋𝜋𝑓𝑓0L (4) 
To calculate the parameters of the equivalent parallel RLC 

circuit, the value of the capacitance C is assumed to be 10pF. 
Then, the value of the inductance L is determined from the 
resonance frequency. After that, the value of the resistance R 
is determined from the unloaded quality factor. Thus, the 
inductance L is 172.32 pF and the resistance R is 4150 Ω.  

Fig. 2 shows the transmission response of the simulated 
rectangular cavity resonator and its equivalent RLC circuit 
resonator model. In this figure, the transmission coefficient 
is characterized by a single peak value at the resonance 
frequency. The coupling capacitors in the equivalent circuit 
are adjusted to obtain nearly the same peak of the 
transmission response of the rectangular cavity.  

(a) 

(b) 
FIGURE 1.  Single cavity resonator; (a) Waveguide model and (b) Equivalent 
parallel RLC circuit model. 
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FIGURE 2.  The frequency response of the single waveguide cavity and its 
equivalent RLC circuit resonator. 

B. PERFORMANCE OF TWO COUPLED CAVITIES

The performance of two coupled cavities was previously 
discussed in detail in [17]. Fig. 3-a shows the two coupled 
waveguide cavity resonators, 𝑅𝑅1 and 𝑅𝑅2, through a coupling 
aperture, 𝑊𝑊12 , and weak coupling at the input and output 
ports. The equivalent RLC circuit model of these coupled 
resonators is shown in Fig. 3-b. It consists of two parallel 
RLC resonators coupled via a coupling capacitor, 𝐶𝐶12. Weak 
coupling capacitors C1 are used at the input and output ports. 
The coupling coefficient is mainly controlled by adjusting 
the coupling aperture between the waveguide resonators, 𝑊𝑊𝑖𝑖𝑖𝑖, 
which corresponds to adjusting, 𝐶𝐶𝑖𝑖𝑖𝑖, in the equivalent RLC 
circuit. 

(a) 

(b) 
FIGURE 3.  Two capacitive coupled-resonators (a) Waveguide model. and (b) 
Equivalent RLC circuit model. 

It can be noted that the coupling between the two 
resonators introduces two peaks in the transmission 
coefficient as shown in Fig.4. For the present configuration, 
the peak at the higher frequency would be nearly at the 
original resonance frequency of the single resonator while 
the other peak would be below this resonance frequency. The 

difference between these two peaks increases by increasing 
the coupling between the two coupled resonators. This 
property is verified analytically in a closed form for the 
equivalent RLC resonators [17]. In the present case the value 
of the coupling aperture, 𝑊𝑊12 , is 10 mm and the weak 
coupling apertures at the input and output ports are 5mm. For 
the equivalent RLC circuit, the value of the coupling 
capacitor, 𝐶𝐶12, is 0.1pF and the weak coupling capacitors at 
the input and output ports are 0.01pF. 

FIGURE 4.  The response of the simulated two coupled resonators and the 
RLC circuit resonators. 

III. Fourth Order Coupled Cavity Resonator
Configuration
The configuration of the four waveguide cavity resonators
bandpass filter is shown in Fig. 5-a. It consists of four
coupled resonators, 𝑅𝑅1 , 𝑅𝑅2 , 𝑅𝑅3  and 𝑅𝑅4 . Each cavity
resonator has dimensions of 𝑎𝑎 × 𝑏𝑏  corresponding to
resonance frequency as given in (1). Due to the symmetry of
the proposed configuration, the coupling apertures, 𝑊𝑊12
and 𝑊𝑊34 are equal. Two microstrip lines of length, 𝐿𝐿𝐶𝐶, and
width,  𝑤𝑤𝑖𝑖𝑖𝑖, are used for feeding the input and output cavities.
The length of these microstrip lines is adjusted to control the
external quality factor of these cavities and their width is
chosen to satisfy the characteristic impedance of 50 Ω.
External quality factor plays a critical role in impedance
matching at the pass band.  The equivalent RLC circuit of
the fourth-order coupled resonators is shown in Fig. 5-b. It
consists of four parallel RLC resonators coupled via
coupling capacitors, 𝐶𝐶12 , 𝐶𝐶23,𝐶𝐶34 ,𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶14 with coupling
capacitors, 𝐶𝐶1, at the input and output ports.

The effects of different coupling mechanisms for this 
configuration are studied separately. The first step in this 
study is the case where all the coupling apertures have the 
same width, 𝑤𝑤𝑖𝑖𝑖𝑖 = 6.5 mm ,  which corresponds to weak 
coupling between all resonators and the length of the 
microstrip line inside the input and output cavities, 𝐿𝐿𝑐𝑐 =
13 𝑚𝑚𝑚𝑚. In this case, the obtained transmission coefficient is 
characterized by two peaks separated by a deep null centered 
nearly at the resonance frequency of the cavity resonator as 
shown in Fig. 6. A similar performance is obtained by using 
the equivalent circuit with weak coupling capacitors, 𝐶𝐶𝑖𝑖𝑖𝑖 =
0.1pF, as shown in Fig. 6. 
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(a) 

(b) 
FIGURE 5.  (a) Geometry of the proposed 4th-order waveguide resonator 
Bandpass filter. and (b) Equivalent RLC circuit of the proposed filter. 

FIGURE 6.  The response of 4th-order waveguide coupled-resonators and their 
equivalent RLC circuit model with all weak coupling aperture. 

In the following step, the coupling between the resonators, 
𝑅𝑅2 and 𝑅𝑅3, is increased while the remaining couplings are 
maintained to be a small value. Fig. 7 shows the effect of 
increasing 𝑤𝑤23. It can be noted that, the separation between 
the two peaks of the transmission coefficient increases by 

increasing the coupling between the resonators 𝑅𝑅2 and 𝑅𝑅3. 
The upper-frequency peak is still close to the resonance 
frequency of the original cavity. It can also be noted that, the 
lower frequency peak of the transmission coefficient 
becomes smaller than the upper-frequency peak as the 
coupling between the resonators 𝑅𝑅2 and 𝑅𝑅3 is increased to a 
large value. It is found that, the maximum bandwidth of the 
bandpass filter which can be obtained by using this 
configuration is limited to the maximum coupling between 
𝑅𝑅2 and 𝑅𝑅3 which does not introduce a significant difference 
between the magnitude of the two peaks of the transmission 
coefficient. This performance is also obtained by using the 
equivalent RLC circuit by changing the value of the coupling 
capacitor 𝐶𝐶23.  

(a)

(b) 
FIGURE 7.  The effect of changing the coupling between 𝑹𝑹𝟐𝟐, 𝑹𝑹𝟑𝟑 on the 
response of 4th-order waveguide coupled-resonators and their equivalent 
RLC circuit. (a) 𝒘𝒘𝟐𝟐𝟐𝟐 = 𝟗𝟗  mm,  𝒄𝒄𝟐𝟐𝟐𝟐 =0.4pF and (b) 𝒘𝒘𝟐𝟐𝟐𝟐 =11.5 
mm, 𝒄𝒄𝟐𝟐𝟐𝟐=0.9pF. 

Then the effect of increasing 𝑤𝑤12 is studied while 𝑤𝑤23 and 
𝑤𝑤14  are maintained to be 6.5 mm. Fig. 8 shows the 
performance of the transmission coefficient in this case. It 
can be noted that by increasing 𝑤𝑤12 , the null of the 
transmission coefficient of the case of all week coupling is 
replaced by a peak on the transmission coefficient as shown 
in Fig. 8-a. For larger 𝑤𝑤12 , this peak in transmission 
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coefficient is separated into two peaks as shown in Fig. 8-b. 
The upper-frequency peak is also near the resonance 
frequency of the original cavity resonator. The magnitude of 
the lower frequency peak of the transmission coefficient is 
also slightly less than the corresponding one of the upper-
frequency peak.  

The effect of increasing both 𝑤𝑤12  and 𝑤𝑤23   on the 
transmission coefficient is shown in Fig. 9. It is noted that, 
the performance of a bandpass filter could be slightly 
obtained in this case. However, the insertion loss is still 
slightly large. This insertion loss could be improved by 
tuning the coupling between R1 and R4 and also by adjusting 
the external quality factor of R1 and R4 as it is discussed in 
the following parts. It is also noted that the center frequency 
of the pass band is less than the resonance frequency of the 
single resonator. Thus, the upper frequency of the pass band 
is close to the resonance frequency of the resonator. Hence, 
the resonance frequency of the single resonator should be 
adjusted to be 𝑓𝑓0′ = 𝑓𝑓0 + ∆𝑓𝑓

2
 where, 𝑓𝑓0 and ∆𝑓𝑓 are the center 

frequency and the bandwidth of the required passband, 
respectively.  

(a) 

(b) 

FIGURE 8.  The effect of changing the coupling between R1, R2 on the 
response of 4th-order waveguide coupled-resonators and their equivalent RLC 
circuit (a) 𝒘𝒘𝟏𝟏𝟏𝟏=10 mm, 𝒄𝒄𝟏𝟏𝟏𝟏=0.4pF and (b) 𝒘𝒘𝟏𝟏𝟏𝟏=14 mm, 𝒄𝒄=0.9pF. 

FIGURE 9.  Frequency response of 4th-order waveguide coupled-resonators 
and their equivalent RLC circuit resonators with 𝒘𝒘𝟏𝟏𝟏𝟏 = 𝟏𝟏𝟏𝟏 mm, 𝒘𝒘𝟐𝟐𝟐𝟐 =
𝟏𝟏𝟏𝟏.𝟓𝟓=mm and 𝒄𝒄𝟏𝟏𝟏𝟏=0.4pF , 𝒄𝒄𝟐𝟐𝟐𝟐=0.4pF. 

The next step after obtaining the starting performance of 
the bandpass filter is to adjust the coupling between the input 
and output resonators R1 and R4 by increasing the width of 
the coupling aperture, 𝑤𝑤14 . Fig. 10 shows the effect of 
increasing 𝑤𝑤14  to be 9.75 mm. It can be noted that the 
transmission response in the pass band, in this case, is nearly 
constant compared to the previous case in Fig. 9. It is also 
noted that increasing the coupling between R1 and R4 
improves the matching at the lower frequency band. 
Moreover, it can be noted that the center frequency of the 
passband is shifted below the resonance frequency of the 
single cavity such that the upper -3dB frequency limit is less 
than this resonance frequency. 

The final step in the design is adjusting the external quality 
factors of the input and the output resonators to the feeding 
transmission lines. In the present configuration, this can be 
obtained by adjusting the length, 𝐿𝐿𝑐𝑐 ,  of the feeding 
microstrip line inside the cavity as shown in Fig. 5. Fig. 11 
shows the effect of decreasing 𝐿𝐿𝑐𝑐  to be 12 mm. It can be 
noted that adjusting the external quality factor of the input 
and output resonators by adjusting the length 𝐿𝐿𝑐𝑐  improves 
the matching passband in the upper-frequency limit as shown 
in Fig. 11. It can also be noted that the upper frequency of 
the pass band is increased by adjusting the external quality 
factor.   

FIGURE 10.  Frequency response of 4th-order waveguide coupled-
resonators and their equivalent RLC circuit resonator with effecting of 
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changing the coupling between the R1 and R4, 𝒘𝒘𝟏𝟏𝟏𝟏=14 mm,𝒘𝒘𝟏𝟏𝟏𝟏 = 𝟏𝟏𝟏𝟏.𝟓𝟓=  
mm,𝒘𝒘𝟏𝟏𝟏𝟏=9.75mm, and 𝑳𝑳𝒄𝒄=13 mm. 

FIGURE 11.  Frequency response of 4th-order waveguide coupled-resonators 
and their equivalent RLC circuit resonator with effecting of changing the input 
and output coupling 𝒘𝒘𝟏𝟏𝟏𝟏=14 mm, 𝒘𝒘𝟐𝟐𝟐𝟐=11.5 mm, 𝒘𝒘𝟏𝟏𝟏𝟏=9.75 mm, and 𝑳𝑳𝒄𝒄=12 mm. 

Based on the above results it can be concluded that the 
design steps of a four-coupled resonator band pass filter are 
as follows: 

1- The center frequency of the single cavity is chosen to
be above the upper limit of the pass band by nearly half
the required bandwidth because the coupling between
the cavities shifts the pass band to a lower frequency
than the resonance of the single cavity.

2- The coupling between R2 and R3 controls the
bandwidth of the pass band by two peaks in the
transmission coefficients. As this coupling increases,
the pass band increases. This coupling introduces two
peaks in the transmission coefficient. This coupling is
increased to the point where these two peaks would be
at the limits of the passband.

3- The coupling between R1 and R2 (which equals the
coupling between R3 and R4) introduces the pass band.
It should be increased to reach the two peaks obtained
by increasing the coupling between R2 and R3.

4- The combination of increasing the coupling of R2 and
R3 and the coupling between R1 and R2 (which equals
the coupling between R3 and R4) introduces the main
performance of the bandpass filter. The center
frequency in this case is shifted below the resonance
frequency of the single cavity. Thus, the resonance
cavity should be designed at a higher frequency than
the required center frequency of the proposed bandpass
filter.

5- The coupling between R1 and R4 improves the
performance of the pass band and the matching at the
lower frequency limit.

6- Adjusting the external quality factors of R1 and R4 by
adjusting the feeding ports improves the performance
of the pass band in the upper-frequency limit and
increases the pass band.

IV. Experimental Results
The above-mentioned steps are used to design a bandpass

filter based on four coupled cavity resonators. The cavity 
resonators are realized by using the SIW technique. The 
dimensions of the different parts of the proposed fourth-
order SIW-BPF shown in Fig. 12 are listed in Table 1. The 
substrate is Rogers RT/Droid 5880 with a dielectric 
constant, 𝜖𝜖𝑟𝑟 = 2.2, loss tangent equals 0.0009, and substrate 
thickness of ℎ=0.787 mm. The bandwidth of the proposed 
filter lies in the frequency range from 3.7 to 3.98 GHz. Thus, 
the center frequency is 3.84 GHz. For a single cavity with a 
resonance frequency at the upper-frequency limit, the length 
and width of a square SIW resonator would be 𝑎𝑎 = 𝑏𝑏 =35.5 
mm. The diameter of the via hole would be 𝐷𝐷=1.5 mm and
the spacing between the via holes would be 𝑝𝑝 = 1 mm. The
remaining parameters of the coupled resonator filter are
obtained as discussed in the above section.

TABLE 1. Physical dimensions of fourth-order rectangle SIW-bandpass filter.

Symbol Dimension 
(mm) 

Symbol Dimension 
(mm) 

𝒘𝒘𝒊𝒊𝒊𝒊 1.35 𝑳𝑳𝒄𝒄 11 
𝒘𝒘𝒄𝒄 2.05 a 35.5 
𝒘𝒘𝟏𝟏𝟏𝟏 13.75 𝒃𝒃 35.5 
𝒘𝒘𝟐𝟐𝟐𝟐 11 D 1.5 

 𝒘𝒘𝟏𝟏𝟏𝟏 10 P 1 

(a) 

(b)
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FIGURE 12.  (a) Geometrical model of the fourth-order SIW bandpass filter. 
(b) Fabricated SIW bandpass filter. 

The designed bandpass filter configuration is simulated 
by using the HFSS tool. The filter is fabricated and measured 
for verification. Fig. 12 shows a comparison between 
measured and fabricated bandpass filters. It can be noted that 
the simulated 𝑆𝑆11 is less than -10 dB in the entire frequency 
band while the variation of 𝑆𝑆21 is smaller than 0.5 dB. On the 
other hand, in the band from 2.2 to 4.4 GHz the transmission 
coefficient is less than -20 dB. These specifications are quite 
suitable to reduce the interference of the New C-band 5G 
network from radio altimeter systems.   

FIGURE 13.  Simulated and Measured results of the designed fourth-order 
band-pass filter. 

V. CONCLUSION
This paper presents a new simplified procedure to design a

fourth-order coupled-resonator filter. It starts with studying 
the effects of different coupling mechanisms on the 
performance of the overall filter structure. Then, these 
coupling mechanisms are combined together to obtain the 
design of the required filter. This simplified method is used 
to design a fourth-order bandpass filter frequency range from 
3.7 to 3.98 GHz. The designed filter is fabricated and 
measured for verification. The proposed filter is quite 
suitable to reduce the interference between the C band 5G 
network and the radio altimeter system.  
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