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Abstract
This report investigates how low-pass and high-pass filters respond to different frequencies through theoretical calculations, simulations and practical experiments. Within these tests a frequency range of 100Hz to 300kHz was used to gather input and output voltage, which was later used to calculate attenuation. Theoretical cut-off frequencies were calculated at 28.4kHz and 1.06kHz for the low and high-pass filters respectively. The report discovered that simulated results closely matched these values, while the practical experiments showed small deviations, with a maximum error of 9%. Overall, the results concurred with the theoretical values and confirm the effectiveness of RC filters in practical applications. 

Introduction
[bookmark: _Toc228475067]What are filters?
Electrical filters are widely utilised in electrical and electronic systems; these filters allow control over the frequencies that can pass through from an input signal [1]. The two main types are low-pass and high-pass filters. Low-pass filters allow signals with frequencies below the cut-off frequency to pass while attenuating higher frequencies. On the contrary, a high-pass filter allows high frequency signals to pass while attenuating low frequency signals [2]. In addition, the filters affect the shape and characteristics of the signals that are transmitted, this enables the ability to filter out unwanted noise and extract the information needed.
[bookmark: _Toc228475068]Applications
In the real world low-pass and high-pass filters are used in many applications, one example is to use low-pass filters to remove unwanted AC signals in a sensitive circuit. This is because the filter reduces any fluctuation in voltage and produces a steady DC output [3]. In contrast, high-pass filters are often used in tweeters in a sound system, this is done to remove any unwanted bass in the speakers which aren’t designed for that function. Conversely, low-pass filters can also be used in audio applications as they control the signals to only let low frequency signals pass through, this makes them an effective woofer within a stereo system [4].
[bookmark: _Toc228475069]Theory
Frequency response describes how the amplitude (gain) of the output responds to changes in input signals at varying frequencies [5]. This suggests that the amplitude from these circuits depend on the frequency that the input signal carries. Applying this theory to a LPF suggests that output signals remain constant at low frequencies but decreases as frequency increases, dissimilarly a HPF produces low output signals at low frequencies but increases as frequency increases. Attenuation is the reduction in signal amplitude; this describes the gain reduced from the signal as it passes through the filter [6].  

Attenuation is often expressed in decibels (dB), this is because decibels show the logarithmic relationship between VOut and VIn. This means that a negative dB suggests a reduction in output, and a positive dB points towards amplification of the signal [7]. A key component within these filter circuits is the cut-off frequency, this is the point where the output begins to significantly decrease. This is crucial as a gain of -3dB suggests that the output voltage has fallen to 70.7% of the input signal therefore approaching the transition point in a low-pass or high-pass system [8]. The cut-off frequency can be calculated using a simple formula which contains the resistance and capacitance values of the circuit, this will then be used to compare the simulated and practical values against the theoretical value.

[bookmark: _Toc228475070]Contents
This report contains recordings and analysis of low-pass and high-pass filter behaviour by examining their frequency response. The investigation involved constructing both filters using simulations and practical experiments, then observing the output and input voltages across a range of frequencies. These values enable all calculations to be made, allowing the comparison of how close the obtained values were to the theoretical predictions, as well as an evaluation of the reasons any discrepancies may appear. 
[bookmark: _Toc228475071]

Circuit Description
[bookmark: _Toc228475072]Low-Pass Filter
The circuit diagram used for the low-pass filter in this investigation is shown below. 
[image: ]
Figure 1. Low-pass filter using an RC circuit
As shown in Figure 1, the low-pass filter consists of a 10kΩ resistor and a 560pF capacitor connected in series. The circuit is supplied with an input signal from a signal generator and passes through the resistor before the capacitor, this is then connected to the ground. The oscilloscope takes the output across the capacitor at the node between the resistor and capacitor relative to the ground, this allows most of the input signal to appear at low frequencies. At higher frequencies, the impedance of the capacitor is lower, resulting in increased current flow to the ground and reduced output voltage across the node. 
During the experiment, the circuit was constructed using a 10kΩ resistor and a 560pF capacitor. A signal generator supplied a 4V peak-to-peak sinusoidal signal and measurements over range of frequencies, between 100Hz to 300kHz, were taken to monitor the frequency response of the filter. These parameters influence the cut-off frequency of the filter, which in this case corresponds to a theoretical value of 28.4kHz. 
In these experiments, the input voltage was measured across the signal generator, before the resistor, whereas output voltage was taken across the capacitor. Both these values were measured using an oscilloscope at each frequency. 
[bookmark: _Toc228475073]High-Pass Filter
The circuit used for the high-pass filter is shown in the figure below.	[image: ]
Figure 2. High-pass filter using an RC circuit
Similarly to Figure 1, the high-pass filter uses a resistor of 10kΩ, however uses a capacitor with a capacitance of 15nF. The circuit is supplied an input via the signal generator, and due to being a high-pass filter, passes through the capacitor first, then the resistor which is then connected to the ground. The key difference in a high-pass filter is that the oscilloscope takes the output reading at the node across the resistor. This circuit formation means that at low frequencies the capacitor blocks the signal traveling through the output, however as frequency increases the impedance decreases causing the output to increase. This behaviour is the antithesis of the low-pass filter.
The high-pass circuit was also constructed using a 10kΩ resistor however used a 15nF capacitor. Like the low-pass filter, a signal generator supplied a 4V peak-to-peak sinusoidal signal and measurements over range of frequencies, between 100Hz to 300kHz. Due to the different parameters in the high-pass filter circuit, the cut-off frequency has a theoretical value of 1.06kHz. 
The point and methods of measurement are highly similar to the low-pass filter, with one exception. The output voltage was taken across the resistor, rather than the capacitor.






[bookmark: _Toc228475074]Methodology
[bookmark: _Toc228475075]Theoretical Calculation
To calculate the cut-off frequency, both circuits used the RC filter equation: 

Using this equation and substituting the values from the low-pass filter, which was a resistance of 10kΩ and capacitance of 560pF resulted in the following equation:


The same equation was used for the high-pass filter with the same resistance but a capacitance of 15nF therefore resulting in the following cut-off frequency:


[bookmark: _Toc228475076]Simulation Method
[image: ]To simulate the filters, a software called Proteus was used. The circuit shown in Figures 1 and 2 were replicated using the software and readings of VOut and VIn were taken at each frequency point. 
Figure 3. Low-pass filter simulated in Proteus at 100Hz

Figure 4. High-pass filter simulated in Proteus at 1kHz

As shown in Figures 3 and 4, a sinusoidal wave with a peak-to-peak value of 4V was provided at 100Hz, the oscilloscope was setup to read both input and output signals across Channel A and B respectively. The measured voltages were then recorded and used later to calculate the attenuation at each frequency. Additionally, more readings were taken around the expected cut-off frequency to reduce the uncertainty of the -3dB point. 
[bookmark: _Toc228475077]

Practical Method
The practical tests were conducted using physical components, this included resistors and capacitors which were connected on a breadboard to simulate the circuits found in Figures 1 and 2. 
Figure 5. Practical setup for low-pass filter containing (a) a signal generator, (b) an oscilloscope, and (c) breadboard circuit.
Figure 6. Practical setup for high-pass filter containing (a) a signal generator, (b) an oscilloscope, and (c) breadboard circuit.
[bookmark: _Int_3cMnoJcP]In Figures 5 and 6, the filters used a signal generator at varying frequencies, as shown in Figures 5(a) and 6(a), to supply a 4V peak-to-peak sinusoidal signal and an oscilloscope measured the input and output frequencies across the appropriate components. For both filters additional measurements were made around the expected cut-off frequency to improve the accuracy of the practical. All values were then recorded into a table which was later used to calculate the attenuation. 


[bookmark: _Toc228475078]Results
The results obtained from the experiments performed are presented in the following tables and graphs. 
[bookmark: _Toc228475079]Low-Pass Filter Graph & Table
Table 1. Simulated data for the low-pass filter from Proteus.
[image: ]


Figure 7. Attenuation vs frequency for the low pass filter graph (simulated)
[image: ]Table 2. Data gathered from physical low-pass filter experiment.

Figure 8. Attenuation vs frequency for the low pass filter graph (practical)


[bookmark: _Toc228475080]High-Pass Filter Graph & Table
[image: ]Table 3. Simulated data and calculations from Proteus for high-pass filter.



Figure 9. Attenuation vs frequency for the high-pass filter graph (simulated)



[image: ] Table 4. Practical data and calculated attenuation for high-pass filter.



Figure 10. Attenuation vs frequency for the high-pass filter graph (practical)
Observations
The graphs for both filters clearly show where the cutoff frequency occurs. In the low-pass filter graph it shows that at low frequencies (100-10kHz) the attenuation remains low, resulting in output voltage remaining approximately equal to the input voltage. However, beyond the cutoff frequency, the rate at which the input voltage was attenuated was significantly increased. The high-pass filter expressed a similar slope past the cutoff frequency as well as the plateau where little attenuation occurred. However, unlike the low-pass filter, low frequencies (100-10kHz) were highly attenuated, and higher frequencies had very little attenuation.


[bookmark: _Toc228475081]Discussion
The data gathered from the low-pass filter experiments show that low frequency signals pass through the circuit with little attenuation, while higher frequency signals are increasingly attenuated. This occurs because the frequency of the signal is inversely proportional to the impedance of the capacitor, thus allowing more current to flow through at higher frequencies. As a result, less voltage is seen at the output leading to a higher attention value. 
In contrast, the data from the high-pass filter suggests that it exhibits the opposite behaviour to a low-pass filter, seen when lower frequencies are being significantly attenuated. The capacitor has high impedance at low frequencies, restricting current and reducing the output voltage across the resistor. However, as frequency increases, the impedance decreases thus increasing output voltage. 
To recap, the theoretical cutoff frequency was calculated to be 28.4kHz and 1.06kHz for the low and high-pass filter respectively. The simulated cutoff frequency was observed at approximately 28.3kHz and 1.06kHz, while the practical cut-off frequency was approximately 25.8kHz and 1.12kHz. 
Overall, the data gathered from the simulation was highly accurate to theoretical values, with the practical results producing slight deviations. The deviations can likely be associated with some key factors. In the practical experiment, the components such as the resistors and capacitors have slight manufacturing tolerances, these may have accumulated in the circuit causing the deviations. Additionally, the use of a breadboard contributes to the total resistance found in the circuit. Overall, the data gathered from the experiments were highly representative of the theoretical calculations.


Conclusion 
To summarise, this report investigated the behaviour of low-pass and high-pass RC filters by analysing their frequency response using simulations and practical experiments then comparing these with theoretical calculations.
The results indicate both filters operated as expected, with the low-pass filter attenuating high frequency signals and the high-pass filter attenuating low frequency signals. The maximum percentage deviation calculated from the practical test was approximately 9% in the low-pass filter, likely due to component tolerances, measurement errors, and experimental conditions. Despite this, it remains within an acceptable range for the experiments.
Regardless of the discrepancies, the experiments show that the results gathered support the effectiveness of low-pass and high-pass filters in controlling the output of different frequencies and emphasise their importance in practical applications such as audio systems.
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Low pass Filter

F(Hz) |Vin [ Vout
100 4 4 0
500 4 4 0
1000 4 4 0
5000 4 3.96 -0.087296108
10000 4 3.78 -0.49136383
20000 4 3.26 -1.776847825
25000 4 3 -2.498774732
26000 4 2.94 -2.674253218
26500 4 2.92 -2.733542798
27000 4 2.9 -2.793239869
27500 4 2.86 -2.913879164
28000 4 2.84 -2.974833026
28500 4 2.8 -3.0980392
29000 4 2.78 -3.160303908
29500 4 2.76 -3.223018185
30000 4 2.74 -3.28618857
50000 4 1.96 -6.196078399
100000 4 11 -11.21334612
200000 4 0.555 -17.15534016
300000 4 0.37 -20.67716535
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Low pass filter

F (Hz) Vin | Vout
100 4 4 0
500 4 4 0
12000 4 4 0
5000 4 3.96 -0.087296108
10000 4 3.76 -0.537442928
20000 4 3.16 -2.047458174
25000 4 2.88 -2.853350071
26000 4 2.8 -3.0980392
26500 4 2.76 -3.223018185
27000 4 2.72 -3.349821746
27500 4 2.72 -3.349821746
28000 4 2.68 -3.478503946
28500 4 264 -3.609121289
29000 4 264 -3.609121289
29500 4 26 -3.741732867
30000 4 2.56 -3.87640052
50000 4 1.78 -7.03279978
100000 4 1 -12.04119983
200000 4 0.512 -17.85580061
300000 4 0.344 -21.31003098
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High-Pass Filter

F(Hz) |Vin [Vout |A
100 4 04 20
200 4| 074 -14.65656543
300 4 11 -11.21334612
400 4| 142 -8.995432939
500 4 17 -7.432221399
600 4| 198 -6.107896021
700 4 2.2 -5.19274621
800 4| 242 -4.364892507
900 4 26 -3.741732867
950 | 4| 268 -3.478503946
1000 4| 274 -3.28618857
1050 4| 282 -3.03621766
1100 4| 288 -2.853350071
1150 4| 294 -2.674253218
1200 4 3 -2.498774732
1500 4| 326 -1.776847825
2000 4| 354 -1.061134586
3000 4| 378 -0.49136383
5000 4| 392 -0.175478486
10000 | 4 4 0
50000 4 4 [
100000 4 4 [
200000 | 4 4 0
300000 | 4 4 [
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High-Pass Filter

F(Hz) | Vin Vout
100 4| 0388 -20.26456531
200 4 0736 -14.70364354
300 4 1.08 -11.37272472
400 4 14 -9.118639113
500 4 168 -7.535014192
600 4 194 -6.285165228
700 4 2.16 -5.352124804
800 4 2.36 -4.582959767
900 4 2.54 -3.944525494
950 4 2.62 -3.675174
1000 4 27 -3.413924543
1050 4 2.76 -3.223018185
1100 4 2.82 -3.03621766
1150 4 2.9 -2.793239869
1200 4 2.96 -2.615365605
1500 4 3.28 -1.723722952
2000 4 3.52 -1.110346557
3000 4 3.8 -0.445527894
5000 4 3.92 -0.175478486
10000 4 4 0
50000 4 4 0
100000 4 4 0
200000 4 4 0
300000 4 4 0





