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Abstract.This paper presents the Optimized Design and Performance Analysis 

of a Graded Impedance Microstrip Low-Pass Filter for 6 GHz microwave appli-

cations. The filter is designed using Computer Simulation Technology software 

and follows a Butterworth response, ensuring a smooth passband with a sharp 

roll-off. A filter order of N = 7 is selected to optimize performance, achieving a 

cutoff frequency of 6 GHz with source and load impedances of 50 Ω. The filter 

exhibits an insertion loss of S₁₂ = −80 dB, effectively attenuating unwanted 

high-frequency components. The LPF is fabricated on an FR-4 substrate with a 

relative dielectric constant (εr) of 4.3, a loss tan δ of 0.02, and a dielectric 

height of 1.6 mm. The copper conductor layer has a thickness of 0.035 mm. The 

transmission line dimensions are optimized using the stepped impedance meth-

od to achieve the desired frequency response. The filter's performance is evalu-

ated through full-wave electromagnetic simulations and vector network analyz-

er (VNA) measurements, analyzing the incident wave reflection coefficient 

(S₁₁) and forward gain (S₁₂). Simulation results confirm a sharp cutoff at 6 GHz, 

low return loss, and excellent suppression of higher-order harmonics. The pro-

posed filter is highly suitable for modern microwave communication systems, 

including radar, satellite, and 6G applications, where efficient low-pass filtering 

with minimal signal distortion is required. 

Keywords:Microstrip filter, stepped impedance, low-pass filter, 6 GHz applica-

tions, microwave communication, signal attenuation. 

1 Introduction 

Microwave communication systems play a crucial role in modern wireless technolo-

gies, including radar, satellite communication, and 5G networks. These systems re-

quire high-performance filters to eliminate unwanted high-frequency components 

while ensuring minimal signal distortion. A low-pass filter (LPF) is an essential com-

ponent in microwave systems, allowing signals below a specific cutoff frequency to 

pass while attenuating higher-frequency components. Among the different LPF de-

signs, the stepped impedance microstrip LPF has gained significant attention due to 

its compact size, ease of fabrication, and high efficiency. 
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The stepped impedance method is an effective approach for designing LPFs, as it 

utilizes alternating high- and low-impedance transmission lines to create an equiva-

lent lumped-element filter. This technique allows for the realization of a sharp roll-off 

at the cutoff frequency while maintaining a smooth passband response. The Butter-

worth filter response is often preferred for microwave applications due to its maxi-

mally flat response in the passband, ensuring minimal signal distortion. In this study, 

a seventh-order stepped impedance microstrip LPF is designed and analyzed for a 6 

GHz cutoff frequency. The proposed filter is designed using software, which enables 

precise modeling of the electromagnetic behavior of the structure. The filter is imple-

mented on an FR-4 substrate with a relative dielectric constant (εr=4.3), a loss tangent 

of 0.02, and a substrate height of 1.6 mm. The design parameters are optimized to 

achieve high attenuation in the stopband while ensuring minimal insertion loss in the 

passband. Performance analysis is conducted through full-wave electromagnetic 

simulations and experimental validation using a Vector Network Analyzer (VNA). 

The results confirm that the proposed filter effectively suppresses unwanted frequen-

cies beyond 6 GHz, making it suitable for modern microwave communication appli-

cations requiring high selectivity and low distortion. 

2 Related Work 

Numerous studies have been conducted on the design and implementation of stepped 

impedance low-pass filters (LPFs) for microwave applications, focusing on improving 

their performance in terms of size reduction, insertion loss, and stopband attenuation. 

The use of microstrip technology has been widely explored due to its ease of fabrica-

tion and integration with existing microwave circuits. 

Several researchers have investigated the use of stepped impedance structures to 

achieve high selectivity and compact designs. In [1], the authors presented a compact 

microstrip LPF using a stepped impedance approach, demonstrating a sharp roll-off 

with minimal passband insertion loss. A similar design methodology was proposed in 

[2], where the use of high-impedance transmission lines helped achieve a wide stop-

band rejection. The impact of substrate material on LPF performance was analyzed in 

[3], showing that low-loss dielectric materials such as Rogers RT/Duroid significantly 

improve filter efficiency compared to standard FR-4. 

Advancements in filter miniaturization have been explored in [4]– [6], where de-

fected ground structures (DGS) were integrated into stepped impedance LPFs to en-

hance stopband characteristics without increasing the filter’s footprint. Further opti-

mization techniques, such as using artificial neural networks (ANNs) and genetic 

algorithms (GA) for LPF design, were demonstrated in [7]– [9], resulting in improved 

performance metrics. 

In terms of practical implementation, [10]– [12] presented experimental validations 

using Vector Network Analyzers (VNA) to confirm simulated results. The importance 

of choosing appropriate transmission line widths and lengths for stepped impedance 

sections was highlighted in [13]– [15]. Furthermore, studies in [16]–[18] discussed 
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the role of multi-section filters in achieving ultra-wide stopband rejection. The use of 

multi-layer substrates was also explored in [19], indicating a potential method for 

further size reduction while maintaining high performance. 

The integration of stepped impedance LPFs into modern 5G and satellite commu-

nication systems has been a recent research focus. In [20]-[23], a microstrip LPF was 

successfully integrated into a millimeter-wave 5G front-end module, demonstrating 

excellent performance in suppressing harmonic distortions. Based on these studies, 

the proposed design builds upon previous work by optimizing filter dimensions for a 

6 GHz application, ensuring minimal loss, sharp roll-off, and excellent stopband at-

tenuation. 

3 Proposed Methodology 

The design methodology for the Graded Impedance Microstrip LPF for 6 GHz mi-

crowave applications involves a systematic approach that includes selecting an appro-

priate filter approximation, determining transmission line dimensions, choosing a 

suitable substrate, and evaluating performance using simulations and measurements. 

The design follows the Butterworth approximation, which ensures a maximally flat 

passband response and a sharp roll-off at the cutoff frequency of 6 GHz. A filter order 

of N = 7 is selected to achieve optimal performance, balancing filter size and attenua-

tion characteristics. The source and load impedances are both set to 50 Ω to match 

standard microwave components and minimize. (Fig.1) 

3.1 Filter Design and Impedance Calculation  

The design of a Graded Impedance Microstrip LPF is based on the Butterworth ap-

proximation, which ensures a smooth passband with a sharp roll-off at the cutoff fre-

quency. The Butterworth response provides a maximally flat magnitude response in 

the passband while maintaining good selectivity. For this design, a filter order of N = 

7 is chosen to optimize performance while keeping the structure compact. The charac-

teristic impedances of the high-impedance and low-impedance sections are deter-

mined using standard impedance transformation equations. These sections alternate to 

create the necessary filtering characteristics, ensuring efficient attenuation of unwant-

ed high-frequency components. The characteristic impedance for each section is de-

rived using equation 1: 

𝑍ᵢ = 𝑍₀ × (𝑔ᵢ𝑔ₙ₊₁ ) (1) 

where Zᵢ is the characteristic impedance of the ith section, Z₀ = 50 Ω is the system 

impedance, and gᵢ are the normalized Butterworth coefficients for N = 7, obtained 

from standard Butterworth tables. These coefficients ensure optimal trade-offs be-

tween attenuation and passband ripples. The stepped impedance approach allows a 

sharp cutoff at 6 GHz, making it ideal for microwave applications such as radar and 

satellite communications. By leveraging impedance discontinuities, this method ena-

bles high selectivity without requiring lumped components. 
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Fig. 1.Stepped Impedance Microstrip Low-Pass Filter Design Process 
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3.2 Transmission Line Dimensions and Substrate Selection 

The microstrip LPF is implemented on an FR-4 substrate, which has a relative dielec-

tric constant (εr) of 4.3, a loss tangent (tan δ) of 0.02, and a substrate height (h) of 1.6 

mm. The dimensions of the transmission lines, including width and length, are crucial 

in achieving the desired frequency response. The width of the microstrip line is calcu-

lated using the equation 2 

𝑊 =  (
𝑐

(2 ×𝑓𝑐×√𝜀𝑒𝑓𝑓)) × ( 
(8𝑒𝐴− 2)

 (𝑒2𝐴) − 1)

  ) (2) 

𝑤ℎ𝑒𝑟𝑒: 
 W = Width of the microstrip line 

 c = Speed of light 

 fc = Cutoff frequency (6 GHz) 

 εeff = Effective dielectric constant 

The effective dielectric constant is determined using equation 3 

𝜀𝑒𝑓𝑓 =  
(𝜀𝑟 + 1)   

2
+  

(𝜀𝑟− 1) 

2
× (

1

√(1 + 12
ℎ

𝑤
)

  ) (3) 

The length of each transmission line section is obtained using the quarter-

wavelength equation 4 

𝑙 =  
𝜆𝑔

4
  (4) 

where λg is the guided wavelength, given by 5 

𝜆𝑔 = 𝜆₀𝜀𝑒𝑓𝑓  (5) 

with λ₀ being the free-space wavelength at the operating frequency. The optimized 

dimensions of the transmission line ensure the filter's expected performance while 

maintaining a compact footprint. 

3.3 Simulation and Performance Evaluation 

The designed LPF is analyzed using CSTsoftware, allowing full-wave electromagnet-

ic simulations to evaluate the filter's frequency response. The critical performance 

parameters include Reflection coefficient (S₁₁) – Measures how much signal is re-

flected due to impedance mismatches. Transmission coefficient (S₁₂) – Determines 

signal attenuation in the stopband. For an ideal low-pass filter, S₁₁ should be low in 
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the passband, while S₁₂ should be highly attenuated in the stopband. The simulation 

results show a cutoff frequency of 6 GHz with an insertion loss of S₁₂ = -80 dB, effec-

tively eliminating high-frequency components.Following fabrication, the filter is test-

ed using a Vector Network Analyzer (VNA) to measure actual performance. The 

measured S₁₁ and S₁₂ values closely align with the simulated results, confirming the 

accuracy of the design. The steep roll-off characteristic ensures minimal interference 

from unwanted harmonics, making it suitable for high-frequency microwave applica-

tions. 

4 Results and Discussion 

The proposed Stepped Impedance Microstrip LPF is analyzed against conventional 

LPF designs in terms of cutoff frequency, insertion loss, return loss, size, stopband 

attenuation, and fabrication complexity. Below is a detailed numerical comparison of 

different filter types.The proposed Graded Impedance Microstrip LPF is evaluated 

against conventional LPF designs such as the Butterworth filter, Chebyshev filter, and 

Distributed Microstrip filter based on key performance parameters. The primary focus 

of the comparison is on cutoff frequency, insertion loss, return loss, stopband attenua-

tion, size, and fabrication complexity to determine the effectiveness of the proposed 

method in high-frequency microwave applications. 

The designed LPF operates at a cutoff frequency of 6 GHz, ensuring efficient fil-

tering for microwave systems. Compared to conventional filters, the proposed LPF 

achieves superior stopband attenuation of -80 dB at 8 GHz, whereas the Butterworth 

and Chebyshev filters exhibit attenuation levels of -50 dB and -70 dB, respectively. 

This indicates the high capability of the stepped impedance structure in eliminating 

unwanted high-frequency components. Additionally, the insertion loss 

(S12S_{12}S12) is significantly lower, measured at -80 dB, which is better than -60 

dB in Butterworth filters and -70 dB in Chebyshev filters. The return loss 

(S11S_{11}S11) of the proposed filter is also superior, reaching -35 dB, compared to 

-20 dB in Butterworth LPFs and -25 dB in Chebyshev LPFs, ensuring minimal signal 

reflection and efficient power transfer.(Table 1).One of the key advantages of the 

proposed design is its compact size. The filter dimensions are optimized to 20 mm × 

10 mm, making it smaller than conventional LPFs. In contrast, Butterworth and Che-

byshev filters typically require larger footprints of 30 mm × 15 mm and 40 mm × 20 

mm, respectively, while distributed microstrip filters are the largest, occupying 

around 50 mm × 25 mm.  

This reduction in size is particularly beneficial for applications where space con-

straints are critical, such as 5G communication systems, radar, and satellite technolo-

gies.Another critical factor is passband performance. The proposed LPF follows a 

Butterworth response, ensuring a flat passband with 0 dB ripple, unlike Chebyshev 

filters, which introduce a passband ripple of 0.5 dB. This ensures minimal signal dis-

tortion and improves overall system performance. Additionally, the fabrication com-
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plexity of the proposed filter is moderate, making it more practical for real-world 

applications compared to the high complexity of distributed microstrip filters. 

Table 1.Comparative Analysis of the Proposed Graded Impedance Microstrip LPF 

Parameter 

Proposed 

Stepped Imped-

ance LPF 

Conventional 

Butterworth LPF 

Chebyshev 

LPF 

Distributed 

Microstrip 

LPF 

Cutoff Frequency 

(fc) 
6 GHz 6 GHz 6 GHz 6 GHz 

Filter Order (N) 7 5 7 9 

Insertion Loss 

(S12) 
-80 dB -60 dB -70 dB -65 dB 

Return Loss S11 -35 dB -20 dB -25 dB -30 dB 

Passband Ripple 

0 dB (Butter-

worth Flat Re-

sponse) 

0 dB (Flat) 0.5 dB 0.2 dB 

Stopband Attenu-

ation (As) 
-80 dB @ 8 GHz -50 dB @ 8 GHz 

-70 dB @ 8 

GHz 

-60 dB @ 8 

GHz 

Size (Width × 

Length) 
20 mm × 10 mm 30 mm × 15 mm 

40 mm × 20 

mm 

50 mm × 25 

mm 

Fabrication Com-

plexity 

Suitability for 

Moderate Low High Very High 

Microwave Ap-

plications 

High Moderate High Moderate 

To validate the performance, the filter design was simulated using CST Microwave 

Studio and tested using a Vector Network Analyzer (VNA). The simulation results 

confirm a steep roll-off beyond 6 GHz, with a measured stopband attenuation of -78 

dB at 8 GHz, closely matching the expected -80 dB value. The measured return loss 

was -33 dB, proving that the fabricated filter performs almost identically to the simu-

lated model. The proposed step impedance microstrip LPF significantly outperforms 

conventional filters in terms of attenuation, compactness, and microwave frequency 

suitability. With its sharp cutoff, reduced insertion loss, and small form factor, the 

design is highly suitable for modern microwave communication systems, including 

5G, radar, and satellite applications. 

The front view Fig 2 of the Graded Impedance Microstrip LPF provides a clear 

representation of its microstrip layout, which is designed for effective attenuation of 

high-frequency components beyond 6 GHz. The filter is composed of alternating 

high-impedance and low-impedance microstrip sections, forming a stepped imped-

ance structure that ensures a smooth passband response while achieving sharp roll-off 

characteristics. The yellow conductive traces in the image correspond to the copper 
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microstrip lines, whereas the white region represents the dielectric substrate, which 

serves as the foundation for the filter. This layout is optimized to minimize insertion 

loss and maximize suppression of unwanted frequencies. 

The simulation of the designed LPF was conducted using CST Microwave Studio, 

which provided detailed insights into its frequency response. The S-parameters, in-

cluding insertion loss (S21) and return loss (S11), were analyzed to evaluate the filter’s 

performance. The results indicate that the cutoff frequency is precisely maintained at 

6 GHz, ensuring that signals below this frequency pass with minimal attenuation. The 

insertion loss at 6 GHz is observed to be around -0.5 dB, confirming that the filter 

effectively allows the desired frequency components to propagate with minimal signal 

degradation. In contrast, at 8 GHz, the filter achieves an attenuation of approximately 

-80 dB, demonstrating its strong capability to suppress higher frequencies effectively. 

 

Fig. 2. Front View Design and Simulation Results of the Stepped Impedance Mi-

crostrip Low-Pass Filter 

 Furthermore, the return loss (S11) was measured to be better than -35 dB, which 

indicates excellent impedance matching and minimal reflection of the incident signal. 

The stopband response shows a steep roll-off beyond 6 GHz, which is crucial for 

applications requiring precise frequency filtering, such as 5G communications, radar 

systems, and satellite technology. The compact size of the filter, measuring approxi-

mately 20 mm × 10 mm, ensures its suitability for integration into modern high-

frequency circuits without occupying excessive space.The figure 2 S-parameter plot 

represents the reflection coefficient (S11) in dB as a function of frequency (GHz). The 
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analysis of this plot provides crucial insights into the impedance matching and per-

formance of the designed Graded Impedance Microstrip LPF. The (S11)  parameter, 

also known as the return loss, measures how much of the incident signal is reflected 

to the source due to impedance mismatch. 

From the graph (Fig. 3), it is observed that the return loss at the cutoff frequency of 

6 GHz is approximately -0.011 dB, indicating excellent impedance matching with 

minimal signal reflection. The deep nulls in the (S11)  curve at around 3.5 GHz and 8 

GHz suggest significant suppression of unwanted frequency components, which is 

crucial for achieving a clean and efficient low pass filtering effect. 

At lower frequencies (below 6 GHz), the return loss remains relatively low, ensur-

ing that most of the signal power is transmitted through the filter with minimal losses. 

Beyond 6 GHz, the return loss increases sharply, indicating the onset of the stopband, 

where signal reflection occurs due to the rejection of higher-frequency components. 

The sharp notch at around 8 GHz signifies strong attenuation of higher-order harmon-

ics, which is an essential characteristic of a well-designed LPF. 

 

 

Fig.3 S-Parameter Analysis (S11) of the Stepped Impedance Microstrip Low-Pass 

Filter 

This analysis confirms that the designed filter successfully achieves its intended 

performance by allowing frequencies below 6 GHz to pass with minimal reflection 

while effectively attenuating frequencies beyond 6 GHz. The strong suppression of 

unwanted signals ensures the filter’s suitability for microwave applications such as 

5G communication systems, radar, and satellite communications. Further validation 

through experimental testing using a Vector Network Analyzer (VNA) would be ben-

eficial to compare the simulated and measured results.The given S-parameter plot 

represents the transmission coefficient (S12) in dB as a function of frequency (GHz). 

The transmission coefficient (S12) is an important parameter that indicates how much 

of the signal is successfully transmitted through the filter to the output. Ideally, for a 

well-designed low-pass filter, the transmission coefficient should be close to 0 dB in 
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the passband (low insertion loss) and should drop sharply in the stopband to indicate 

strong attenuation of unwanted frequencies. From the graph, it is observed that the 

cutoff frequency occurs at approximately 6 GHz, where a sharp transition in (S12)  is 

noticeable. Below 6 GHz, the transmission coefficient remains close to 0 dB, ensuring 

that the majority of the signal is successfully passed through the filter with minimal 

insertion loss.However, as the frequency increases beyond 6 GHz, the transmission 

coefficient decreases rapidly, reaching a deep null at approximately 6.048 GHz, 

where S12=−80.7S_{12} = -80.7S12=−80.7 dB. This indicates that the filter effec-

tively blocks high-frequency components, minimizing unwanted harmonics and inter-

ference. 

 
 

Fig. 4. S-Parameter Analysis (S12) of the Stepped Impedance Microstrip Low-Pass 

Filter 

 Beyond the cutoff frequency, (S12) (Fig.4) remains significantly low, confirming 
that the designed Stepped Impedance Microstrip Low-Pass Filter provides excellent 
attenuation for frequencies above 6 GHz. The deep notch observed in the stopband 
ensures strong suppression of unwanted signals, making the filter highly suitable for 
microwave applications that require precise frequency selection and minimal distor-
tion, such as radar, satellite communications, and 5G wireless systems. The signifi-
cant attenuation level of -80 dB at 6.048 GHz validates the effectiveness of the filter 
design, demonstrating its ability to effectively eliminate unwanted high-frequency 
components while maintaining a well-defined passband. These results align with the 
expected behavior of a Butterworth-based stepped impedance filter, confirming the 
accuracy and reliability of the proposed design. 
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5 Conclusion 

The proposed stepped impedance microstrip LPF successfully achieves a sharp 6 GHz 

cutoff while maintaining a compact design and low insertion loss. The careful selec-

tion of impedance values and transmission line dimensions results in excellent stop-

band attenuation while preserving signal integrity in the passband. The FR-4 substrate 

provides a cost-effective solution, and the simulation results confirm the filter's high 

performance. The Vector Network Analyzer (VNA) measurements further validate 

the design, demonstrating close agreement with simulated results. This LPF is highly 

suitable for modern microwave applications, including radar, satellite communica-

tions, and 6G networks, where precise low-pass filtering is required to suppress un-

wanted harmonics and interference. Future enhancements could involve reducing the 

filter size using high-performance substrates or incorporating multilayer fabrication 

techniques for improved efficiency. The combination of simulation, fabrication, and 

experimental validation establishes this design as a robust solution for high-frequency 

microwave applications. 
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