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Abstract
This report investigates the frequency response characteristics of lowpass and high-pass RC filter circuits through theoretical analysis and experimental validation. Both filters were designed and characterized using a 5V p-p sinusoidal input signal with frequency varying from 100Hz to 300kHz. The input and output voltages were measured and recorded, and the attenuation was determined using the formula A = 10log(Vₒᵤₜ/Vᵢₙ). The experiment results prove that the lowpass filter reduces high-frequency signals above the cutoff frequency and has a nearly 20dB/decade roll-off. On the other hand, the high-pass filter attenuates low-frequency signals while passing high-frequency signals, and the measurements showed the correct +20 dB/decade roll-on rate. A comparison of the theoretical and experimental frequency responses shows that they are almost similar, with slight differences attributed to the component tolerances and the limitations of the measurement system. This work provides a basic understanding of passive RC filters and how they can be applied in frequency-selective circuits.


Passive RC Filter Networks
Passive RC filter networks are among the most essential components in electronic circuit designs and are used as frequency-selective devices that block out specific frequencies. These circuits employ the fact that the impedance of the resistors and capacitors varies with the frequency of the incoming signal to filter the signal without a power supply. The first category comprises lowpass filters (LPF) that allow signals with low frequencies to pass while rejecting those with high frequencies and high-pass filters (HPF) that do the reverse by allowing only high-frequency signals to pass while rejecting low-frequency signals.
RC filters are used in many applications in electronics and signal processing, such as noise suppression in audio systems, signal conditioning in measuring instruments, pre-filtering in digital-to-analogue conversion, coupling and decoupling in amplifiers, tone control in audio equipment, bandwidth limiting in communication systems. Recent research has demonstrated the critical importance of compact lowpass filters in satellite communication systems where signal processing efficiency is paramount (Lalbakhsh et al., 2020). This laboratory experiment is designed to give practical experience in RC filter networks and study their frequency response theoretically and experimentally. Some of the specific objectives are to build and evaluate both lowpass and high-pass RC filter circuits, measure the frequency response of each filter from a low frequency to a high frequency, compute the attenuation at each frequency point, compare the experimental results with the theoretical values, and determine the cutoff frequency and the roll-off rate of each filter.
The theoretical framework of this work includes the impedance in AC circuits, frequency domain analysis, and transfer function. In the first-order RC filter, the cutoff frequency or the -3dB frequency (f₃ₚₛ) is the frequency at which the output power is half the input power. This frequency is calculated by the time constant (τ = RC) of the circuit as described in the following equation:
f₃ₚₛ = 1/(2πRC)
Studying the behaviour of these fundamental and versatile circuits helps analyze more complex filter and signal processing systems.
Circuit Descriptions
Lowpass Filter
The lowpass filter circuit used in this experiment involves a resistor R2 of 10kΩ in series with a capacitor C2 of 680pF to the ground, as shown in the circuit diagram below. In this configuration, the output voltage is taken across the capacitor. The theoretical transfer function of this filter can be expressed as:
H(jω) = V₍ₒᵤₜ₎/V₍ᵢₙ₎ = 1/(1 + jωRC)
Where ω = 2πf is the angular frequency.
The magnitude of this transfer function, which represents the gain or attenuation at a given frequency, is:
|H(jω)| = 1/√(1 + (ωRC)²)
The phase response is given by:
φ = -tan⁻¹(ωRC)
For this specific lowpass filter with R = 10kΩ and C = 680pF, the theoretical cutoff frequency is:
f₃ₚₛ = 1/(2π × 10kΩ × 680pF) ≈ 23.4kHz
The lowpass filter's operational principle leverages the capacitor's frequency-dependent impedance. At low frequencies, the capacitive reactance is given by Xc = 1/ωC, and thus, the capacitor offers high impedance and behaves almost like an open circuit. This leads to the fact that most of the input voltage is across the capacitor, and hence, there is a slight signal loss. As the frequency increases, the capacitive reactance decreases, and hence, the capacitor offers less opposition to the AC and behaves like a short circuit to the ground. This creates a voltage divider effect with the resistor, meaning less voltage will appear across the capacitor, and the signal will be more attenuated.
At frequencies much below the cutoff frequency, the capacitor behaves like an open circuit, passing most of the input signal to the output. When the frequency rises beyond the cutoff frequency, the capacitor's impedance decreases, and more of the signal is shorted to the ground, reducing the output signal. At very high frequencies, the attenuation rate equals -20dB/decade, which is typical for the first-order filter.
The time response of this filter to a step input would also show an exponential rise with a time constant τ = RC = 6.8μs, which is another way of looking at the filter's behaviour.
High-Pass Filter
The high-pass filter circuit consists of a capacitor (C1 = 15nF) connected in series with a resistor (R1 = 10kΩ) to ground. The output voltage is measured across the resistor. The theoretical transfer function for this high-pass configuration is:
H(jω) = V₍ₒᵤₜ₎/V₍ᵢₙ₎ = jωRC/(1 + jωRC)
The magnitude response is:
|H(jω)| = ωRC/√(1 + (ωRC)²)
Moreover, the phase response is:
φ = 90° - tan⁻¹(ωRC)
For the high-pass filter with R = 10kΩ and C = 15nF, the theoretical cutoff frequency is:
f₃ₚₛ = 1/(2π × 10kΩ × 15nF) ≈ 1.06kHz
The operating principle of the high-pass filter is, in fact, the opposite of that of the lowpass filter. At low frequencies, the capacitor offers high impedance and thus prevents the signal from passing to the resistor. This leads to a small voltage across the resistor and a high attenuation level of the input signal. With the increased frequency, the capacitive reactance reduces the signal allowed to pass through to the resistor.
The time response of a high-pass filter to a step input would be an immediate jump to the maximum value followed by an exponential decay with a time constant τ = RC = 150μs, proving the filter's effectiveness in passing through sudden changes in the signal while rejecting steady-state components.
The capacitor offers a high impedance at frequencies much below the cutoff frequency, and the output across the resistor is almost zero. As the frequency increases, the impedance offered by the capacitor decreases, and more signal is allowed to pass through to the resistor. At verTheitor becomes near a short circuit, and at very high frequencies, the entire input signal is seen across the resistor. The roll-on rate at low frequencies is +20dB/decade, which is typical for the first-order filter.
Method
The experimental procedure was carried out as described in the laboratory assignment. The circuit diagrams in the provided assignment implemented the lowpass and high-pass filter circuits on a breadboard. A 10kΩ resistor and 680pF capacitor were used for the low pass filter, while a 15nF and 10kΩ resistor were used for the high pass filter.
The input sinusoidal signal was generated by a function generator (OWON 72-14111) with 5Vpk-pk amplitude and with an initial frequency of 100Hz. A digital oscilloscope (Multicomp MP720012) was used to measure each circuit's input and output voltage with the probes connected across the input and output terminals of the circuits.
The function generator was set at a 5Vpk-pk sinusoidal output with frequencies ranging from 100Hz to 300kHz. The oscilloscope measured the input voltage (Vᵢₙ) and output voltage (Vₒᵤₜ) for each frequency setting. Extra emphasis was placed on the measurements close to both filters' cutoff frequency and half amplitude points. All the measurements were taken on a computer spreadsheet for further analysis.
The attenuation at each frequency was computed from the formula A= 20 log₁₀ (Vₒᵤₜ /Vᵢₙ) dB. The attenuation was plotted against the frequency on a log scale to get the frequency response graphs. The -3dB cutoff frequencies were obtained from the graphs, and the results were compared with the theory.
To minimize errors, it was ensured that the input voltage was constant at 5Vpk-pk for all the frequency settings, the oscilloscope probe was calibrated correctly, multiple readings were taken at the critical points, proper grounding of the circuit and test equipment was done, and the stray capacitance and external noise was kept to the minimum.
Results
The experimental measurements for the lowpass and high-pass RC filter circuits are presented below, along with their graphical representations.
Lowpass Filter Results
FIGURE 1: Lowpass Filter Frequency Response - This is a graph showing attenuation (dB) vs. frequency (Hz) on a logarithmic scale
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Based on the experimental data, the -3dB cutoff frequency for the lowpass filter was approximately 27kHz, close to the theoretical value of 23.4kHz. The slight discrepancy may be attributed to component tolerances and measurement uncertainties.
At frequencies below approximately 5kHz, the filter exhibits minimal attenuation (close to 0dB), indicating that low-frequency signals pass through with little reduction in amplitude. As the frequency increases beyond the cutoff point, the attenuation increases at a rate approaching -20dB/decade, reaching approximately -20dB at 300kHz. This confirms the expected roll-off behaviour of a first-order lowpass filter.
High-Pass Filter Results
FIGURE 2: High-Pass Filter Frequency Response - This is a graph showing attenuation (dB) vs frequency (Hz) on a logarithmic scale
[image: ]
From the experimental data, the -3dB cutoff frequency for the high-pass filter was determined to be approximately 1000Hz, which aligns closely with the theoretical value of 1.06kHz.
At the lowest frequency tested (100Hz), the attenuation is approximately -16dB, indicating significant blocking of low-frequency signals. As the frequency increases, the attenuation decreases at a rate approaching +20dB/decade, reaching 0dB at approximately 8kHz and remaining at that level for all higher frequencies. This confirms the expected roll-on behaviour of a first-order high-pass filter and demonstrates its effectiveness in passing high-frequency signals while blocking low-frequency components.
Discussion
Lowpass Filter Analysis
The results of the lowpass filter show several important properties that correspond with the theory. At frequencies below about 5kHz, the filter has low attenuation or nearly 0dB, which means that low frequencies are not significantly attenuated or reduced in amplitude. This is as expected of a lowpass filter in its passband region.
The frequency at which the output power drops to half its maximum value is known as the -3dB point and is found to be around 27kHz, which is higher than the theoretical value of 23.4kHz calculated from the component values. This 15% difference could be attributed to the component tolerance since the commercial resistors and capacitors have ±5% or ±10% tolerances. Also, there could be unwanted capacitance from the breadboard and the wiring that affected the effective capacitance of the circuit.
The presence of stray capacitance would add to the nominal capacitance of the filter, thus making the actual cutoff frequency lower than the calculated one. However, our experimental results yield a higher cutoff frequency; this could be because the actual resistance or capacitance values could be lower than the nominal values. If the resistor value is accurate at 10kΩ and the cutoff frequency is 27kHz, then the effective capacitance would be 589pF instead of the nominal 680pF, which is well within the tolerance range of ceramic capacitors.
After the cutoff frequency, the attenuation rises at -20db/decade, typical of a first-order filter. This observed roll-off characteristic aligns with research by Kubanek et al. (2018), who validated similar frequency response behaviour in their study of fractional-order lowpass elliptic filters. This is evident from the experimental data where the attenuation rises from about -3dB at 27kHz to -20dB at 300kHz, a range of roughly one decade; as expected, the roll-off is observed.
At the maximum frequency of 300 kHz, the attenuation is about -20 dB, which means that the output signal amplitude is only 10% of the input signal amplitude, thus removing high-frequency components.
The transition from passband to stopband is smooth, and this is expected in a first-order filter and not a steep transition as observed in higher-order filters. This smooth transition is particularly advantageous in applications requiring minimal phase distortion, similar to considerations noted by Liu et al. (2019) in their implementation of frequency-selective filters for adaptive vibration control systems, where preserving time-domain characteristics is critical. This is usually desirable in cases where phase distortion has to be minimized, especially in audio processing where the time domain characteristics of the signal have to be preserved.
High-Pass Filter Analysis
The high-pass filter results also show the expected theoretical characteristics. At 100Hz, the attenuation is around -16dB, so the gel almost blocks low-frequency signals. This can be explained by the fact that the circuit is a high-pass filter, and its stopband characteristics are as expected.
The -3dB point is around 1000 Hz, close to the theoretical value of 1.06 kHz. This indicates that the values of the components used in the high-pass filter were nearly ideal as per the recommended specifications. Suppose we assume that the 10kΩ resistor is accurate. In that case, the effective capacitance is about 15.9nF instead of the nominal value of 15nF, a variation of about 6%, within the acceptable tolerance levels for the components.
At low frequencies below the cutoff, the filter exhibits a roll-on rate of about +20dB/decade, typical of first-order high-pass filters. This is well illustrated in the data where the attenuation varies from -16dB at 100Hz to -6dB at 500Hz, which is the expected variation.
Above the frequency of approximately 8kHz, the attenuation is effectively 0dB, which means that high-frequency signals pass through the filter without much loss of amplitude. This validates the passband characteristic of the high-pass filter.
The transition from the stopband to the passband is smooth, as it should be for a first-order filter; thus, there are no sharp phase shifts. This gradual transition is advantageous when phase linearity is a concern, for example, in signal processing systems where the timing relationship between the various frequencies must be maintained.
Comparison of Theoretical and Experimental Results
Both filters show reasonable accuracy in the comparison between simulation and experiment, although there are some deviations that several factors can explain:
Component tolerances are also an issue since commercial electronic components are manufactured with specific tolerances that may affect their actual values from the nominal values. This has implications for the cutoff frequency and the filter's response in general. Most resistors have a tolerance of ±5%, while the tolerance of capacitors may range from ±5% to ±20% based on the type. These variations can cause a deviation in the actual frequency response compared to the calculated values based on nominal values.
Some of the measurement limitations include the accuracy of the oscilloscope and the ability to measure the peak-to-peak voltage, especially at high frequencies where signal clipping may occur. The bandwidth and input impedance of the oscilloscope are finite and may influence the measurements if the signal being measured is close to the oscilloscope's limits. Furthermore, the oscilloscope probes load the circuit and may change its characteristics, especially at high frequencies.
Stray capacitances, lead inductances, and resistances in the breadboard connections may alter the circuit parameters, especially at high frequencies. Breadboard connections are imperfect, and they add extra resistance and capacitance, which are not considered in the circuit model. These effects are enhanced at high frequencies in which the impedance of the parasitic elements is relatively higher than the component values.
Nevertheless, the observed differences are still within the range expected in a practical laboratory experiment and do not prevent one from understanding the difficulties of implementing theoretical filter designs in practice.
The results of the experiments confirm the RC filters theory and show that even these basic passive circuits can be used in frequency-selective circuits. As demonstrated by Lalbakhsh et al. (2020), these fundamental filter designs serve critical functions in advanced applications such as satellite communication systems, where efficient signal processing is essential. The clear separation of the passband and stopband regions in both filter types proves they are helpful in basic signal processing applications.
The obtained frequency characteristics also show the drawbacks of first-order filters, namely their slow cutoff characteristics, which are unsuitable for some applications requiring sharper transitions from the passband to the stopband. It helps determine the filter orders to be used in various applications. In the cases where steeper cutoff characteristics are needed, filters that consist of several RC stages or active filters based on operational amplifiers are more appropriate.
Conclusion
The practical experiment in this laboratory has shown the frequency-selective nature of the passive RC filter networks in terms of lowpass and high-pass filters in both analytical and experimental approaches. The results obtained from this work include the ability of the lowpass filter to attenuate high-frequency signals with the cutoff frequency measured to be about 27kHz, which is close to the theoretical value of 23.4kHz due to component tolerances.
The high-pass RC filter effectively removes the low-frequency signals. It passes the high-frequency signals as expected with a cutoff frequency of about 1000Hz, which is very close to the theoretical value of 1.06kHz.
Both filters show the first-order roll-off characteristics where the low pass filter has a -20dB/decade, and the high pass filter has a +20dB/decade. The results of the experiment correlate well with the theoretical expectations. However, some deviations are due to the components' imperfections, the measurements' inaccuracies, and the parasitic effects.
The actual construction of these circuits helps us understand the behaviour of frequency-selective networks. It gives a clear understanding of the relationship between the values of the components and the filter characteristics. The given equation A = 20log₁₀(Vₒᵤₜ/Vᵢₙ) helped determine the attenuation level at different frequencies and plot the filter response.
This work provides a basis for studying more advanced filters and using filter theory in real-life electronic systems. Further studies may focus on the design of higher-order filters, bandpass, and band stop filters or the impact of changes in the components on the filter characteristics.
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