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Abstract— Microwave filters play a very important role in 

Radio Frequency and Microwave applications, such as on 

communications or radar systems. They are widely used to fulfill 

the fundamental requirements of these systems and to face the 

emerging challenges of size, performance, cost and integration 

capabilities. On this thesis, two microstrip filters – Stepped-

impedance Lowpass Filter and Parallel Coupled Lines Filter – are 

studied, analysed and simulated, using two different substrates – 

the RT Duroid 5880 and the FR-4.  

This analysis enables the observation of the differences 

between the filters design and the effects of using dielectric 

substrates with distinct characteristics. 

The circuits were implemented and simulated using the 

well-known CST Microwave Studio, which enabled a detailed 

analysis of their behaviour and S-parameters. 
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I.  INTRODUCTION  

Microwave filters are essential on many different 
applications such as communication systems, as they attenuate 
the travelling signals in the unwanted frequency bands and allow 
them to pass in the desired pass bands, with almost negligible 
losses. Lately, there has been a great investment on research and 
development of wireless communication systems on the 
microwave frequency band, as they are responsible for the 
transmission of the signals that carry the essential information 
we use daily, such as voice, image and data. Microstrip filters 
are widely used to fulfill the fundamental requirements of these 
systems and to face the emerging challenges of size, 
performance, cost and integration capabilities. 

The main goal of this research was to study, design and 

simulate two different microstrip filters – the Stepped-

impedance Lowpass Filter and the Parallel Coupled Lines 

Bandpass Filter – on two different substrates – the RT Duroid 

5880 and the FR-4 (Figure 1), with the main purpose of studying 

the impact of each substrate and the differences between these 

two circuits in terms of frequency response and scattering 

parameters. 

The present work also explores the microstrip line 

technology and the fundamentals of filters, describing all the 

necessary steps to achieve a well-designed distributed-elements 

circuit, in this case, a filter. 

The obtained results indicate that the chosen filters be 

easily derived and obtained, following the structured process 

presented. Also, the work carried out goes through very 

important stages of an Electromagnetic (EM) engineering 

process, namely, design, simulation, analysis and optimization. 

Moreover, this research validates that these extensively 

used circuits can be designed and simulated using commercial 

EM software, such as CST and QUCS, which might be very 

useful on projects but also for people who are studying filters 

and want to simulate and validate theoretical results. 

 

 

Figure 1 Summary of the main objectives of this research. 

II. MICROSTRIP FILTERS 

A. Stepped-impedance Lowpass Filter 

 
A stepped-impedance lowpass filter (Figure 2) is one of 

the most common structures of microstrip lowpass filters, 
mainly due to its compact size and ease of fabrication. Due to its 
structure of alternating sections of high and low characteristic 
impedance lines, it is also called a hi-Z, low-Z filter. The high 
impedance lines (with characteristic impedance 𝑍ℎ) act as series 
inductors and the low impedance lines (with characteristic 
impedance 𝑍𝑙) act as shunt capacitors. Thus, this filter 
implementation is the direct realization of the typical L-C ladder 
lowpass filter. 

 
Figure 2 Lowpass filter design. (a) Lowpass filter prototype. (b) Stepped-
impedance lowpass filter implementation. (c) Microstrip layout of the filter. 

The electrical lengths of the inductor sections are given by 



2 

 

 𝛽𝑙 =
𝐿𝑍0

𝑍ℎ

     (inductor) (1) 

While the electrical length of the capacitor sections are 

calculated as 

 𝛽𝑙 =
𝐶𝑍𝑙

𝑍0

     (capacitor) (2) 

where 𝐿 and C are the normalized lumped element values of the 

lowpass prototype (the 𝑔𝑘). 

 

B. Parallel Coupled Lines Bandpass Filter 

 

The chosen topology for the bandpass filter of the 

present research was the Parallel Coupled Lines due to its 

compact size, large coupling for a small space between lines 

and a wider bandwidth when compared to other topologies, 

such as the end-coupled microstrip filter. 

This filter uses half-wavelength line resonators, with 

each consecutive line placed in parallel along each other half 

length, as illustrated in Figure 3. The length of each segment of 

the resonators is denoted as 𝑙1, … , 𝑙𝑛+1, the width is denoted as 

𝑊1, … , 𝑊𝑛+1 and the gap between lines is denoted as 

𝑠1, … , 𝑠𝑛+1.

 
Figure 3 General layout of a parallel coupled-lines microstrip bandpass filter. 

 

The following design equations apply 

 

𝑍0𝐽01 = √
𝜋

2

𝐹𝐵𝑊

𝑔0𝑔1

  

𝑍0𝐽𝑗 ,𝑗+1 =
𝜋𝐹𝐵𝑊

2√𝑔𝑗𝑔𝑗+1

      𝑗 = 1 to 𝑛 − 1 

𝑍0𝐽𝑛,𝑛+1 = √
𝜋𝐹𝐵𝑊

2𝑔𝑛𝑔𝑛+1 
 

(3) 

where 𝐹𝐵𝑊 is the fractional bandwidth of the filter and  

𝑔0, 𝑔1, … , 𝑔𝑛+1 are the element values of the lowpass prototype 

filter. The even and odd mode characteristic impedances of the 

coupled microstrip line resonators are expressed as 

 

(𝑍0𝑒)𝑗,𝑗+1 = 𝑍0[1 + 𝑍0𝐽𝑗,𝑗+1 + (𝑍0𝐽𝑗,𝑗+1)2]    𝑗 = 0 to 𝑛 

(𝑍0𝑜)𝑗,𝑗+1 = 𝑍0[1 − 𝑍0𝐽𝑗,𝑗+1 + (𝑍0𝐽𝑗,𝑗+1)2]    𝑗 = 0 to 𝑛 

(4) 

The values of the widths 𝑊, the gaps 𝑠 and the lengths 𝑙 are 

calculated so that they match the respective even and odd mode 

characteristic impedances, so to obtain the characteristics of the 

desired filter. 

III. CIRCUITS DESIGN 

When designing a filter, a series of steps should be followed in 

order to obtain the desired result. Initially, the filter 

specifications are chosen such as the type of filter, filter 

response, operation frequency and materials to be used. After 

the definition of the desired filter one can use the lowpass 

prototype design technique and then transform it to the intended 

filter in a lumped-elements model, obtaining the respective 𝑔𝑘 

values. When the 𝑔𝑘  values are defined, there is the need to 

convert the lumped-elements model filter to the distributed-

elements model, calculating the final dimensions of the 

resulting elements. The obtained model of the filter is then 

implemented, simulated and fine-tuned in a simulation software 

such as CST MWS. A diagram of the above explained can be 

found in Figure 4. 

 
Figure 4 Filter design process. 

A. Substrate Materials 

 

In order to analyse the effects of using different substrate 

materials with different dielectric constants, the RT Duroid 

5880 and the FR-4 substrates were selected to be simulated and 

tested on both filters. These two substrates are characterized as 

following: 
• RT Duroid 5880 (ε=2.2) – Fabricated by Rogers Corporation, 

is an isotropic substrate with low dielectric loss, thus suitable 

for high frequency applications, such as the microwave 

frequencies. Its low dissipation factor makes it usable above 

18 GHz. This substrate is also characterized by having a height 

h=0.787 mm. 

 

• FR-4 (ε=4.3) – created by NEMA in 1968, is an anisotropic 

substrate with a dielectric constant ranging from 4.2 to 4.8. Its 

popularity is also due to its low cost and high availability, 

being widely used for teaching and academic purposes, as its 

lossy properties make it almost unusable. This substrate is also 

characterized by having a height h=1.6 mm. 

These two substrates are widely used in the industry in the 

microwave frequency range and for printed-circuits 

applications. 

 

B. Circuits Specifications 

 

The conductive layers of the circuits present on this research, 

i.e., the circuit itself and the ground plan, are composed by 

copper with a thickness of 0.035 mm. 

 

1) Stepped-impedance Lowpass Filter 

The filter to be designed is a Stepped-impedance 

Lowpass Filter with maximally flat response or Butterworth 

response, cutoff frequency 𝜔𝑐 = 2.5GHz and more than 20dB 

attenuation at 𝜔 = 4GHz. The characteristic impedance of the 

filter is 50Ω while 𝑍ℎ = 120Ω and 𝑍𝑙 = 20Ω. In order to meet 

the required attenuation, the order of the filter must be at least 

𝑛 = 6. The normalized values of the lowpass prototype filter of 

order 6 are represented on Table 1. 
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Table 1 Element values for a 6th order maximally flat response lowpass 

prototype filter. 

N 𝒈𝟏 = 𝑪𝟏 𝒈𝟐 = 𝑳𝟐 𝒈𝟑 = 𝑪𝟑 𝒈𝟒 = 𝑳𝟒 𝒈𝟓 = 𝑪𝟓 𝒈𝟔 = 𝑳𝟔 

6 0.517 1.414 1.932 1.932 1.414 0.517 

  

As mentioned above, the filters were designed using two 

different substrates: RT Duroid 5880 with 𝜖𝑟 = 2.2, ℎ =
0.787 mm and FR-4 with 𝜖𝑟 = 4.3, ℎ = 1.6 mm. After 

obtaining the elements values of the lumped-elements model, it 

was performed the conversion to the distributed-elements 

model, obtaining the electrical lengths 𝛽𝑙𝑖 of the transmission 

lines, using Analytical Line Impedance Calculator macro of 

CST MWS. To obtain the best response near cutoff, these 

lengths were evaluated at 𝜔 = 𝜔𝑐, i.e., 𝜔 = 2.5 GHz. 

For each of the substrates, Table 2 and Table 3 present 

the obtained dimensions. 

Table 2 Physical dimensions of the Stepped-impedance Lowpass Filter using 

the RT Duroid 5880 substrate. 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 
𝒁𝒊 = 𝒁𝒍 or 

𝒁𝒉 (𝛀) 
𝝐𝒆𝒇 

𝝀𝒈 

(cm) 

𝜷𝒍𝒊 

(deg) 

𝒍𝒊 

(mm) 

𝑾𝒊 
(mm) 

1 20 2.01 8.464 11.85 2.79 8.084 

2 120 1.73 9.123 33.78 8.56 0.457 

3 20 2.01 8.464 44.28 10.41 8.084 

4 120 1.73 9.123 46.12 11.69 0.457 

5 20 2.01 8.464 32.41 7.62 8.084 

6 120 1.73 9.123 12.34 3.13 0.457 

 

The width and length of the source and load impedance 

lines (𝑍0 = 50Ω) are 𝑊 = 2.445 mm and 𝑙 = 3.45 mm. 

Therefore, the circuit board is 16 mm wide and 60 mm long. 

Table 3 Physical dimensions of the Stepped-impedance Lowpass Filter using 

the FR-4 substrate. 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 
𝒁𝒊 = 𝒁𝒍 or 

𝒁𝒉 (𝛀) 
𝝐𝒆𝒇 𝝀𝒈 

𝜷𝒍𝒊 

(deg) 

𝒍𝒊 

(mm) 

𝑾𝒊 
(mm) 

1 20 3.65 6.281 11.85 2.07 11.270 

2 120 2.93 7.011 33.78 6.58 0.419 

3 20 3.65 6.281 44.28 7.73 11.270 

4 120 2.93 7.011 46.12 8.98 0.419 

5 20 3.65 6.281 32.41 5.66 11.270 

6 120 2.93 7.011 12.34 2.40 0.419 

 

The width of the source and load impedance lines (𝑍0 =
50Ω) is 𝑊 = 3.137 mm and 𝑙 = 3.29 mm. Thus, the circuit 

board is 20 mm wide and 48 mm long. 

 

2) Parallel Coupled Lines Bandpass Filter 

The second filter to be designed is a coupled lines 

bandpass filter, with a 0.5 dB equal-ripple response 

(Chebyshev), center frequency 𝜔0 = 2 GHz and an attenuation 

greater than 15 dB at 1.8 GHz, bandwidth of 200 MHz (10% 

fractional bandwidth) and characteristic impedance 𝑍0 = 50Ω. 
Considering the specified attenuation of 15 dB, results that the 

order of the filter is n=3. The normalized values of the lowpass 

prototype filter of order 3 and 0.5 dB equal-ripple, are 

represented on Table 4. 

 

Table 4 Element values for a 3rd order 0.5 dB equal-ripple lowpass prototype 

filter. 

𝒏 𝒈𝟎=𝒈𝟒 𝒈𝟏 𝒈𝟐 𝒈𝟑 

3 1 1.596 1.097 1.596 

From expressions (3) and (4), it was possible to calculate 

the even and odd mode characteristic impedances, which are 

summarized in Table 5. 

Table 5 Even and odd mode characteristic impedance. 

𝒏 𝒈𝒏 𝒁𝟎𝑱𝒏 𝒁𝟎𝒆 (𝛀) 𝒁𝟎𝒐 (𝛀) 

1 1.596 0.3137 70.61 39.24 

2 1.097 0.1187 56.64 44.77 

3 1.596 0.1187 56.64 44.77 

4 1.000 0.3137 70.61 39.24 

 

In order to synthetize the dimensions of the microstrip 

sections that lead to the respective even and odd mode 

characteristic impedances, QUCS Transcalc software was used. 

The calculated dimensions for the two different substrates are 

represented in Table 6 and Table 7. 

Table 6 Physical dimensions of the Coupled Lines Bandpass Filter using the 

RT DUROID 5880 substrate. 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝟎𝒆 (𝛀) 𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 
𝑾𝒊 

(mm) 

𝒔𝒊 

(mm) 

1 70.61 39.24 27.82 1.922 0.145 

2 56.64 44.77 27.44 2.345 0.807 

3 56.64 44.77 27.44 2.345 0.807 

4 70.61 39.24 27.82 1.922 0.145 

 

For the RT Duroid 5880 substrate, the width and length 

of the source and load impedance lines (𝑍0 = 50𝛺) are 𝑊 =
2.445 mm and 𝑙 = 4.74 𝑚𝑚. Therefore, the circuit board is 35 

mm wide and 128 mm long. 

Table 7 Physical dimensions of the Coupled Lines Bandpass Filter using the 

FR-4 substrate. 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝟎𝒆 (𝛀) 𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 
𝑾𝒊 

(mm) 

𝒔𝒊 

(mm) 

1 70.61 39.24 21.16 2.473 0.439 

2 56.64 44.77 20.77 3.001 1.768 

3 56.64 44.77 20.77 3.001 1.768 

4 70.61 39.24 21.16 2.473 0.439 

For the FR-4 substrate, the width and length of the 

source and load impedance lines (𝑍0 = 50𝛺) are 𝑊 = 3.137 

mm and 𝑙 = 3 𝑚𝑚. Therefore, the circuit board is 40 mm wide 

and 98 mm long. 

 

C. Circuits Layout 

After obtaining all the required dimensions, the circuits 

were implemented in CST Microwave Studio.  
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All circuits include SMA connectors (SubMiniature 

version A). This semi-precision coaxial RF connector is 

characterized by a light weight and compact structure, low 

fabrication costs, low losses and a broad range of frequency 

applications (from DC up to 18 GHz). 

 

1) Stepped-impedance Lowpass Filter 

The Stepped-impedance Lowpass Filter include 50Ω 

source and load impedance lines and six sections of high and 

low impedance lines. As previously observed, using different 

substrates leads to different dimensions of the circuits. 

 

 
Figure 5 Stepped Impedance Lowpass filter with RT Duroid 5880 substrate. 

 

 
Figure 6 Stepped Impedance Lowpass filter with FR-4 substrate. 

 

2) Coupled Lines Bandpass Filter 

Each circuit is composed by a source and load 

impedance line of 50Ω and four sections of parallel coupled 

lines. 

 

 
Figure 7 Coupled Lines Bandpass Filter with RT Duroid 5880 substrate. 

 

 
Figure 8 Coupled Lines Bandpass Filter with FR-4 substrate. 

IV. SIMULATION RESULTS 

In this section, the outcomes of simulating the circuits 

with the CST Frequency Domain Server are presented. 

 

1) Stepped-impedance Lowpass Filter 

 

a) RT Duroid 5880 

For the RT Duroid 5880 substrate, which is 

characterized by a dielectric permittivity 𝜖𝑟 = 2.2, a thickness 

of 0.787 mm and also low losses and good homogeneity, the 

results obtained for the originally designed filter are represented 

in Figure 9. 

 
Figure 9 Originally designed RT Duroid 5880 Stepped-impedance Lowpass 

Filter S-parameters. 

 

It is evident from Figure 9 that although the attenuation 

at 4 GHz is greater than 20 dB, the cutoff frequency does not 

meet the specified requirements, i.e., the filter is presenting a 

cutoff frequency 𝜔𝑐 = 2.3 GHz (frequency at which the 

attenuation is -3 dB) instead of the specified 𝜔𝑐 = 2.5 GHz. In 

order to fulfill the desired specifications, a fine-tuning process 

was applied. By reducing the length 𝑙4 from 11.69 mm to 9.49 

mm it was possible to shift the cutoff frequency to the desired 

𝜔𝑐 = 2.5 GHz, as can be observed in Figure 10 and Figure 11 

which compares the original and the fine-tuned results. It is also 

important to note that the return loss is lower than 15 dB on the 

bandpass range and around 0 dB in the rejection band, as it 

should be. 

 

 
Figure 10 RT Duroid 5880 Stepped Impedance Lowpass Filter insertion loss 

comparison between original and fine-tuned design. 

 

 
Figure 114 RT Duroid 5880 Stepped Impedance Lowpass Filter return loss 

comparison between original and fine-tuned design. 

 

The final fine-tuned dimensions of the filter are 

presented on Table 8. 

Table 8 Final dimensions of the Stepped-impedance Lowpass Filter using the 

RT Duroid 5880 substrate. 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 
𝒁𝒊 = 𝒁𝒍 or 

𝒁𝒉 (𝛀) 
𝝐𝒆𝒇 

𝝀𝒈 

(cm) 

𝜷𝒍𝒊 

(deg) 

𝒍𝒊 

(mm) 

𝑾𝒊 
(mm) 

1 20 2.01 8.464 11.85 2.79 8.084 

2 120 1.73 9.123 33.78 8.56 0.457 

3 20 2.01 8.464 44.28 10.41 8.084 

4 120 1.73 9.123 46.12 9.49 0.457 

5 20 2.01 8.464 32.41 7.62 8.084 

6 120 1.73 9.123 12.34 3.13 0.457 
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The width and length of the source and load impedance 

lines (𝑍0 = 50Ω) are 𝑊 = 2.445 mm and 𝑙 = 3.45 mm. 

Therefore, the circuit board is 16 mm wide and 57.8 mm long. 

 

b) FR-4 

The FR-4 substrate used in this study has a thickness of 

1.6 mm and a dielectric permittivity 𝜖𝑟 = 4.3, and presents low 

losses but not as homogeneous as the RT DUROID 5880. 

Regarding the initially designed filter, the obtained results are 

presented in Figure 12. 

 

 
Figure 52 Originally designed FR-4 Stepped-impedance Lowpass Filter S-

parameters. 

As with the RT Duroid 5880 substrate, although the 

attenuation fulfills the required specification, which is to be 

greater than 20 dB at 4 GHz, the cutoff frequency is lower than 

required, i.e., the cutoff frequency is around 1.99 GHz instead 

of the required cutoff frequency of 2.5 GHz. Also, it is 

important to observe the lossy properties of the FR-4, shown in 

the passband frequencies, with a loss around -0.6 dB. 

Performing fine-tuning, it was possible to achieve the required 

response, reducing the length 𝑙2 from 6.58 mm to 5.38 mm and 

𝑙4 from 8.98 mm to 4.98 mm, resulting in the desired 𝜔𝑐 =
2.5 GHz. In Figure 13 and Figure 14 the S-parameters of the 

originally designed and fine-tuned filters are compared. Once 

again, the return loss behaved as expected. 

 
Figure 13 FR-4 Stepped Impedance Lowpass Filter insertion loss comparison 

between original and fine-tuned designs. 

 
Figure 14 FR-4 Stepped Impedance Lowpass Filter return loss comparison 

between original and fine-tuned designs. 

The final fine-tuned dimensions of the filter are 

presented on Table 9. 

Table 9 Final physical dimensions of the Stepped-impedance Lowpass Filter 

using the FR-4 substrate. 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 
𝒁𝒊 = 𝒁𝒍 or 

𝒁𝒉 (𝛀) 
𝝐𝒆𝒇 𝝀𝒈 

𝜷𝒍𝒊 

(deg) 

𝒍𝒊 

(mm) 

𝑾𝒊 
(mm) 

1 20 3.65 6.281 11.85 2.07 11.270 

2 120 2.93 7.011 33.78 5.38 0.419 

3 20 3.65 6.281 44.28 7.73 11.270 

4 120 2.93 7.011 46.12 4.98 0.419 

5 20 3.65 6.281 32.41 5.66 11.270 

6 120 2.93 7.011 12.34 2.40 0.419 

The width and length of the source and load impedance lines 

(𝑍0 = 50Ω) are 𝑊 = 3.137 mm and 𝑙 = 3.29 mm. Therefore, 

the circuit board is 16 mm wide and 42.8 mm long. 

 

2) Coupled Lines Bandpass Filter 

 

a) RT Duroid 5880 

 

Figure 65 Originally designed RT Duroid 5880 Coupled Lines Bandpass Filter 

S-parameters. 

As can be observed in Figure 15, the lower and upper 

cutoff frequencies are at 1.899 GHz and 2.08 GHz. The 

fractional bandwidth is ~9% and the attenuation at 1.8 GHz is 

around -24 dB, almost fulfilling the requirements. 

As processed with the previous filter, after a light fine-

tuning, it was possible to meet the required response, increasing 

the fractional bandwidth to 10%, after reducing the lengths 𝑙1 =
𝑙4 = 27.82 mm to 27.6 mm and 𝑙2 = 𝑙3 = 27.44 mm to 27.2 

mm. Observing Figure 16 and Figure 17, in which are 

represented the originally designed and fine-tuned results, it is 

possible to verify that the fractional bandwidth is 10%, the 

central frequency is 𝜔𝑐 = 2 GHz and the attenuation at 1.8 GHz 

is lower than -15 dB, so achieving the desired response. It is 

also important to note that exists asymmetry on the response of 

the filter, due to the variation of the impedance and electrical 

length with the frequency, which is also not symmetric. 

 

Figure 16 RT Duroid 5880 Coupled Lines Bandpass Filter insertion loss 

comparison between original and fine-tuned designs. 

 

Figure 177 RT Duroid 5880 Coupled Lines Bandpass Filter return loss 

comparison between original and fine-tuned designs. 

 

In Table 10 below, the final fine-tuned dimensions of the 

filter are presented. 
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For the RT Duroid 5880 substrate, the width and length 

of the source and load impedance lines (𝑍0 = 50𝛺) are 𝑊 =
2.445 mm and 𝑙 = 4.74 𝑚𝑚. Therefore, the circuit board is 35 

mm wide and 127.08 mm long. 

 

 
Table 10 Final physical dimensions of the Coupled Lines Bandpass Filter 

using the RT Duroid 5880 substrate. 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝟎𝒆 (𝛀) 𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 
𝑾𝒊 

(mm) 

𝒔𝒊 

(mm) 

1 70.61 39.24 27.60 1.922 0.145 

2 56.64 44.77 27.20 2.345 0.807 

3 56.64 44.77 27.20 2.345 0.807 

4 70.61 39.24 27.60 1.922 0.145 

 

b) FR-4 

Comparing the results from Figure 18 below with the 

obtained results for the RT Duroid 5880 substrate, one can 

observe the expressive lossy characteristics of the FR-4 

substrate, observable on the bandpass frequencies in which the 

insertion loss is around -7 dB, making this circuit almost 

unusable. The fractional bandwidth is around 6% and outside 

the passband the insertion loss attenuation requirement is 

satisfied. 

 
Figure 88 Originally designed RT Duroid 5880 Coupled Lines Bandpass Filter 

S-parameters. 

In order to obtain the desired response and reduce the 

insertion loss on the passband, a similar fine-tuning process was 

applied, by changing the lengths 𝑙1 = 𝑙4 from 21.16 mm to 

21.70 mm, the widths 𝑤1 = 𝑤4 from 2.473 mm to 1.800 mm, 

the widths 𝑤2 = 𝑤3 from 3.001 mm to 2.200 mm, the gaps 𝑠1 =
𝑠4 from 0.439 mm to 0.420 mm and 𝑠2 = 𝑠3 from 1.768 mm to 

1.500 mm. In Figure 19 and Figure 20 it is possible to observe 

the final result of the fine-tuned filter, which is much more 

approximated to the required output, presenting a fractional 

bandwidth of ~10%. Also, it was possible to improve the 

response both in terms of insertion loss, which has a final value 

of -5dB, and return loss. 

 

 
Figure 19 FR-4 Coupled Lines Bandpass Filter insertion loss comparison 

between original and fine-tuned design. 

 
Figure 209 FR-4 Coupled Lines Bandpass Filter return loss comparison 

between original and fine-tuned design. 

Table 11 below presents the final fine-tuned dimensions 

of the filter. 
Table 11 Final physical dimensions of the Coupled Lines Bandpass Filter 

using the FR-4 substrate. 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝟎𝒆 (𝛀) 𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 
𝑾𝒊 

(mm) 

𝒔𝒊 

(mm) 

1 70.61 39.24 21.70 1.800 0.420 

2 56.64 44.77 20.77 2.200 1.500 

3 56.64 44.77 20.77 2.200 1.500 

4 70.61 39.24 21.70 1.800 0.420 

For the FR-4 substrate, the width and length of the 

source and load impedance lines (𝑍0 = 50𝛺) are 𝑊 = 3.137 

mm and 𝑙 = 3.00 𝑚𝑚. Therefore, the circuit board is 37 mm 

wide and 99 mm long. 

 

V. CONCLUSIONS 

The objective of this work was successfully fulfilled, 

obtaining simulation results according to the designed filters 

and fulfilling the requirements in terms of bandwidth and 

attenuation. The used methodology was validated as the 

obtained results were in accordance with the defined 

requirements, in terms of bandwidth and S-Parameters. Also, 

the two different substrates – the RT Duroid 5880 and the FR-

4 – shown to be suitable for this purpose, although RT Duroid 

5880 led to much better results. The obtained results indicate 

that the chosen filters – Stepped-impedance Lowpass Filter and 

Coupled Lines Bandpass Filter – can be easily derived and 

obtained, following the structured process presented on this 

research. Also, the work carried out goes through very 

important stages of an Electromagnetic (EM) engineering 

process, namely, design, simulation, analysis and optimization. 

Moreover, this work validates that these extensively 

used circuits can be designed and simulated using commercial 

EM software, such as CST and QUCS, which might be very 

useful on projects but also for people who are studying filters 

and want to simulate and validate theoretical results. 

Also, one can conclude that the project of designing 

filters incorporates many different important aspects, such as 

the electrical, physical and economic properties of the circuits. 
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