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Abstract
[bookmark: _Hlk160633788]Voltages will change due to an addition of resistors and capacitors in a circuit, these will have different effects depending on their configuration (Electronics Reference, no date).  Attenuation will occur in order to filter out unwanted frequencies. Using equipment such as a function generator, fixed values were inputted through a breadboard circuit, to calculate the experimental cut off frequency of both a high pass and low pass filter. Trends in frequency, voltage and attenuation were seen and compared graphically based on both analytical and experimental results. It was seen that a high pass filter allowed the flow of high frequencies with little impedance, however the opposite occurred with a low pass filter in which lower frequencies passed to the output terminal, attenuating higher frequencies.


Introduction
High pass and low pass filter are generally used in the audio and communication industry (Gordon Lyn, no date), they impede and attenuate frequencies depending on their configuration (Electronics Reference, no date). High pass filters allow high frequency to pass through the system towards the output, whilst impeding low frequency waves through the capacitor. The opposite occurs when a low pass filter is in use, a higher frequency will pass through the capacitor and be grounded, whilst the lower frequency will pass through the circuit towards the output. The capacitance for high frequency is zero, therefore it will pass through without resistance, however in the case of low frequency the impedance is infinite, thus preventing low frequency passing through and allowing it to reach the output terminal instead (Electronics Coach, no date). 
This report will look at the point at which -3dB of attenuation is achieved through two individual experiments using a high pass filter and a low pass filter. This is known as the cut off frequency and can also be defined as the “frequency at which the filter’s output drops to 70.7% of its maximum value” (Gordon Lyn, no date). For a low pass filter the cut off frequency are the frequencies above the -3dB threshold, whereas for a high pass filter the cut off frequencies are the frequencies below (Electronics Reference, no date). Cut off frequencies for both experimental and analytical results will be compared to determine the correlation between them, and thus the attenuation differences as the experiment progresses.


Circuit Description 
[image: A diagram of a high pass filter

Description automatically generated][image: A diagram of a low pass filter stage

Description automatically generated]Experiments were carried out in order to generate results to show the effect of voltage change against frequency on both a high pass and low pass filters. A simple breadboard circuit was constructed which followed the guidelines set out in the task, as seen in figure 1 and figure 2. These were then connected to a function generator and an oscilloscope to monitor the change in voltage output in relation to the capacitors within. In addition to this the attenuation and impedance were also observed and evaluated.
Figure 1-Low Pass Filter Diagram (University of Wales Trinity Saint David, no date)
Figure 2 High Pass Filter Diagram (University of Wales Trinity Saint David, no date)
The low pass filter used a resistor of 10kΩ and a capacitor of 560pF, with an input voltage of 5V peak to peak. During the experiment the frequency was increased incrementally from 100Hz to 300kHz. Figure 3 shows the circuit created, with the red and brown wires connecting to the function generator.
[image: A close-up of a circuit board

Description automatically generated]Figure 3 - Low Pass Filter Circuit


For the high pass filter similar parameters were used, including both an input voltage of 5 volts and a resistor of 10kΩ, which again saw a frequency increase from 100Hz to 300kHz. However, the capacitor used was rated at 15nF, and is situated before the resistor as seen in figure 4.
[image: A circuit board with wires connected to it

Description automatically generated]

Figure 4 - High Pass Filter Circuit

Results
A logarithmic scale is used throughout the results displayed below; this is due to the fact that the results are easier to read as the frequency change for the experiment is large in number. A logarithmic scale uses powers of 10 thus allowing a wider insight towards the midpoint of the experiment at which deviation occurs. This labelling system is used throughout the report, in order to easily cross reference results. In addition to this, a logarithmic scale is used on both axis of the capacitance graph as seen in figure 5 and 11, this gives the graph a straight-line finish. And clearly highlights the decrease in capacitive reactance over an increase in frequency.
The results for low pass filter analytical results are shown in figure 5,6 and 7 below.
Figure 5 - Low Pass Analytical – Capacitive Reactance
Figure 6 - Low Pass Analytical – Voltage Output


Figure 7 - Low Pass Analytical – Attenuation 

The results for the low pass experiment are shown in figure 8,9 and 10 below.

Figure 8 - Low Pass Experimental – Voltage Input



Figure 9 - Low Pass Experimental – Voltage Output

Figure 10 - Low Pass Experimental – Attenuation






The results for high pass analytical results are shown in figure 11, 12 and 13 below.

Figure 11 - High Pass Analytical – Capacitive Reactance









Figure 12 - High Pass Analytical – Voltage Output









Figure 13 - High Pass Analytical – Attenuation

The results for the high pass filter experiment are shown in figure 14,15, and 16 below.









Figure 14 - High Pass Experimental - Voltage Input













Figure 15 - High Pass Experimental - Voltage Output










Figure 16 - High Pass Experimental - Attenuation




Discussion
Low Pass Filter Analysis
Through the results of the low pass filter circuit, it can be seen in figure 9 that voltage output decreases as frequency increases, this is due to the fact that the impedance of the capacitor allows high frequency to pass without resistance thus becoming grounded (Electronics Coach, no date). However, the low frequency cannot easily flow though the capacitor therefore is fed though towards the output terminal.
It can be determined from the graph that at a frequency of 1000Hz there is little change in the voltage output, dropping from 5.08V to 5V. As the frequency increases to 10,000Hz the voltage has shifted from 5.04V to 4.72V, showing a slow reduction in voltage output. Looking further down the axis it towards 105,000Hz the voltage has dropped from 5.1V to 1.36V. This correlates with the analytical information shown in figure 6. Based on the theoretical results at a frequency of 1000Hz, 10,000Hz and 105,000Hz the voltage output should show a value of 5V, 4.72V and 1.31V respectively. These values are based on the calculation used to determine the voltage output, Vout considering voltage input as a fixed value. Equation 1 shows the parameters used to calculate voltage output analytically. 


Equation 1 – Voltage Output - Low Pass Filter

In order to determine the value of Vout, the capacitor resistance Xc value needs to be calculated. The equation used to calculate this value is shown below in equation 2.

Equation 2 - Capacitive Reactance

From equation 2 it can be seen that with an increase in F (frequency) the resistance of Xc decrease as it is inversely proportional. In connection with equation 1 this shows that a decrease in Xc will also decrease the value of the output voltage, Vout. This corresponds to the values displayed in figure 9. 
Figure 5 and 11 show the capacitator resistance decreasing with an increase in frequency, this is due to the fact that low frequencies are impeded by the addition of a capacitor whilst high frequencies pass through without little resistance. From the figure 5 it can be seen that at a frequency of 1000Hz the Xc value is 2.84 x 105Ω, however at a higher frequency of 105,000Hz the Xc value has reached only 2.71 x 103Ω.
Voltage input for low pass filters have been stated in the appendices (table 1), this fluctuated through the duration of the experiment as seen in figure 8. The main source of discrepancies were due to the function generator, as frequencies were not always accurate. This however was accounted for when working out the attenuation for the experiment, as the output voltage was divided by the input voltage as seen in equation 3 below.


Equation 3 - Attenuation

From equation 3 the attenuation of the experiment can be calculated, measured in dB. In the case of the analytical results the Vin will remain constant at 5V, however with the fluctuation of the experiment this value may shift slightly. The attenuation calculated on the analytical graph in figure 7, can be used to determine the point at which cut off frequency is met. This will be when attenuation (measured in dB) reaches -3dB and can be extrapolated from the graph. To work out the cut off frequency analytically for this experiment the equation 4 below will be used. After substituting the value for resistance R as 10kΩ and capacitor C as 560pF, the value calculated for cut off frequency Fc was 28420.5 Hz. From the equation it can also be seen that as resistance or capacitance increases the Fc will decrease.


Equation 4 - Cut off Frequency
Figure 17 below shows a more enhanced view of at the cut off frequency. Which shows that at -3dB attenuation the cut off frequency for a low pass filter should be around 28400 Hz, which corresponds to the value calculated. Using this information, the experimental values can be investigated. 


Figure 17 - Low Pass Analytical - Cut off Frequency

In reference to figure 17, 7 and 10 the values for attenuation can both be seen to decrease as the frequency increases. Figure 18 as seen below again shows a more enhanced view at the -3dB cut off point for the experimental data. This shows that the cut off frequency for the low pass experiment was around 28,000Hz. Which is similar to the information gathered analytically, however is around 400Hz different. This could be due to the fact that the components used in the experiment have tolerances which will implement the overall results. In addition to this, the values obtained in the experiment were at frequencies of 20,000Hz, 25,000Hz and 35,000Hz, which gave an attenuation of -1.83541dB, -2.54485dB and -4.12353dB respectively. Therefore, in order to get more reliable result of attenuation at -3dB, it would have been ideal to take additional measures between this period to ensure a more accurate result.




Figure 18 - Low Pass Experimental - Cut off Frequency















High Pass Filter Analysis
The voltage output (Vout) results in the experiment seen in figure 15 decrease as the frequency decreases, this corresponds to figure 12 which shows the analytic results of this variable. The voltage output will never exceed the voltage input of the circuit, therefore as the frequency increase so will the output, up until the input value is met. During the experiment the voltage output at frequency 10,000Hz was recorded to have dropped from 5.12V to 5.04V, showing little change, however as the frequency was reduced to 1,000Hz this figure dropped from 5.04V to 3.44V. A more significant change in voltage was seen, at 100Hz the recorded voltage dropped from 5.04V to 0.56V. This correlates with the analytical information gathered in figure 12. For the same frequencies of 10,000Hz, 1,000Hz and 100Hz, the theoretical results are as follows, 4.97V, 3.43V and 0.469V respectively. These results are similar to the experimental equivalent however in order to calculate the analytic results a separate calculation was needed, as seen in equation 5 below. Using this equation however, values such as the component tolerances are not taken into account, which can affect the values achieved during the experiment.


Equation 5 - High Pass - Voltage Output

Analytically the Vin voltage input will remain at 5 volts, assuming the function generator will precisely and accurately relay this voltage through the circuit and oscilloscope. It has been seen throughout the experiment as seen in figure 14 however that this is not always the case as the function generator will have discrepancies which will then be relayed to the oscilloscope and displayed, which will in turn show higher accuracies in measurement. During this experiment the input voltage ranged from 5.04V to 5.2V although in every instance the voltage was set at 5V through the function generator. Figure 19 below shows that the experiment at 300,000Hz was set at 5V, however when referring to figure 20 the input voltage (Vp seen in red) is stated as 5.12V and the output voltage (Vp seen in yellow) is 5.04V. This demonstrates that although a measurement can be made on the function generator, frequency discrepancies should always be considered and should never be assumed to portray the values set.
[image: A close up of a device

Description automatically generated]
Figure 19 - Function Generator
[image: A white electronic device with buttons and a screen with red and black wires

Description automatically generated]

Figure 20 - Oscilloscope

Referring back to equation 5 (voltage output), the capacitance reactance Xc needs to be calculated, this is the same equation used for the low pass filter as seen in equation 2. From this it can be seen that with an increase of frequency F, found in the denominator the Xc will decrease and thus the frequency will increase. This is seen to be the case as the impedance for high frequencies in low, therefore it can pass through the capacitor without larger resistance. However, the opposite is seen when a low frequency wave is sent through the system, as the impedance is larger therefore attenuating more unwanted frequencies and preventing the voltage from reaching the output terminal. This is depicted clearly in figure 11, which shows the gradual decrease in Xc over an increase in frequency. For example, at frequencies 100Hz, 1,000Hz 10,000Hz and 300,000Hz, the values attained for capacitive reactance are 106,103.3Ω, 10,610.3Ω, 1061.03Ω and 35.4Ω respectively. Confirming the effect of impedance as a function of frequency.
The resistance impedance reduced over an increase of frequency, demonstrating the effect of the total impedance of both the resistor and capacitor within the circuit. The attenuation will increase away from 0 as the frequency is lowered this is due to the fact that a larger volume of unwanted low frequency is trying to pass through the system, therefore in order to prevent this the capacitor will block a higher volume of these waves from the output, increasing the value of attenuation dB. The calculation used to attain the attenuation values are stated in equation 3, using this it can be shown analytically that at 100Hz, 1,000Hz, 10,000Hz and 300,000Hz gave figures of -2.06 x 101 dB, -3.28dB, -4.86 x 10-2, -5.43 x 10-5   respectively, these are depicted in figure 13. Comparing this with the information gathered from the experiment in figure 16 the results achieved over the same frequency points are -19.0849dB, -3.31744dB, -0.13679dB and -0.13679dB. There are similar results seen across both 100Hz and 1,000Hz however the attenuation will never pass above 0 as the output voltage cannot exceed the input voltage, therefore will incrementally move towards this but never pass. Although through the results gained from the experiment the input voltage was seen to reach 5.2 volts, therefore when calculating the result of attenuation, the figures would have shifted slightly to accommodate an output over 5 volts but below 5.2V.
Using the attenuation values seen in figures 13 and 16, the frequency cut off can be determined. This is the point when attenuation is at -3dB. Analytically this can be solved using equation 4. After substituting resistance R as 10x103Ω and capacitor C as 15x10-9F the results determined was 1061.03Hz for the cut off frequency. The figure 21 below, show a close-up view of figure 13, this shows that the cut off frequency is at around 1100Hz which is slightly different compared to the numerical figure found when determining the Fc. This could be due to the fact that the measurements a spaced out thus the graph is showing a predicted value at -3dB.

Figure 21 - High Pass Filter Analytical - Cut off Frequency

The figures can then be analysed with the experimental information in figure 16. Below is an enhanced view at the -3dB cut off frequency, from figure 22, this again shows the cut off frequency to be at 1100Hz, similar to that found in the analytical graph.

Figure 22 - High Pass Filter Experimental - Cut off Frequency
[image: A close-up of a circuit board

Description automatically generated]It is important to note that with the experiments carried out all components will have their own tolerance values. Therefore, these will need to be considered to determine a more accurate result. For example, the resistor used in both experiments seen in figure 23 below shows a gold band indicating a ±5% tolerance thus the maximum and minimum values will be 10,500Ω and 9,500Ω. In addition to this the capacitor used during the low pass filter experiment was rated at 561 seen in figure 24, giving a tolerance of around ±1%. Whereas the tolerance for the high pass filter capacitor was 15nF seen in figure 25 which gave a general tolerance of ±3%. (Kaizer Power Electronics, 2020). With all these elements considered the equations use to calculate the capacitive reactance Xc, the attenuation dB, and the voltage output Vout will all provide different results, depending on the total tolerance of each circuit.

Figure 23 - Resistor
[image: Image preview]


Figure 24 - Low Pass Capacitor
[image: A yellow electronic device with wires

Description automatically generated]
Figure 25 - High Pass Capacitor














[bookmark: _Toc153956780]Conclusions
Through both experiments it can be determined that impedance will attenuate the lower frequencies from reaching the output terminal. The configuration of the resistor and capacitor determines a high pass or low pass filters (Electronics Reference, no date). Low pass filters see a resistor first then capacitor, whereas the high pass will see a capacitor then resistor. The point at which attenuation of -3dB, will occur depends on the resistors and capacitor used in the experiment, however component tolerances will also play a part in the depriving or exceeding the value stated on components.
For the low pass filter the main findings were;
· [bookmark: _Toc153956781]An addition of frequency will reduce the voltage output, as the higher frequencies will be attenuated by the capacitor and grounded before reaching the output terminal (Electronics Coach, no date). 
· The attenuation dB will noticeably decrease once the cut off frequency of 2.8 x 104 Hz is met. Showing the point at which, more resistance is applied due to voltage against the capacitor.
· The voltage input is not always accurate although the function generator can be set correctly, therefore checking the oscilloscope to gauge the values is important for more consistent results.
A summary of the high pass filter results indicate;
· Voltage output as a function of frequency will increase retrospectively as resistance will not impede greatly on higher frequencies, thus flowing towards the output terminal with minimal restraint.
· Attenuation dB will increase from negative values towards 0dB, however will never pass this figure as voltage output cannot exceed voltage input, therefore as the frequency increases, attenuation will increase. Little attenuation is required if the majority of frequency is higher than the cut off frequency. For this experiment it was determined that the cut off frequency was 1061.03Hz.
· The voltage input again was set at 5V however due to the instruments used this figure varied slightly, therefore checking the oscilloscope before reading the output voltage was paramount. 
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Appendix
Table 1 - Low Pass Filter - Input Voltage
	Frequency (Hz)
	Vin (V)

	100
	5.08

	500
	5.08

	1000
	5.08

	2000
	5.08

	5000
	5.08

	10000
	5.04

	15000
	5.08

	20000
	5.04

	25000
	5.04

	35000
	5.08

	45000
	5.08

	55000
	5.08

	65000
	5.12

	75000
	5.08

	85000
	5.12

	95000
	5.12

	105000
	5.1

	120000
	5.16

	140000
	5.12

	150000
	5.16

	170000
	5.12

	190000
	5.12

	250000
	5.08

	300000
	5.12



Low Pass Analytical - Vout (V)

Vout (V)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	4.9999690492079853	4.999226402587885	4.9969077630059564	4.9876653618238835	4.9243733862389467	4.716552318049561	4.4219058976591903	4.0890069808069667	3.7542267214302956	3.151829084366065	2.6699295604042081	2.2953462475426969	2.0030899591376996	1.7717586967496459	1.5855159853314675	1.4330625088729092	1.3063504521962228	1.1523116840091718	0.99472904426867503	0.93079095516615573	0.82445584660051907	0.73967929723860992	0.56477277205331622	0.47156407089368424	Frequency (Hz) 


Vout (V)



Low Pass Analytical - Xc (Ω)

Xc (Ω)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	2842052.5552124167	568410.51104248338	284205.25552124169	142102.62776062085	56841.051104248334	28420.525552124167	18947.017034749442	14210.262776062084	11368.210220849667	8120.1501577497629	6315.6723449164811	5167.3682822043938	4372.3885464806408	3789.4034069498884	3343.5912414263726	2991.6342686446492	2706.7167192499205	2368.3771293436803	2030.0375394374407	1894.7017034749442	1671.7956207131863	1495.8171343223246	1136.8210220849667	947.35085173747211	Frequency (Hz) 


Xc (Ω)



Low Pass Analytical - A(dB)

A(dB)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	-5.3767199144288322E-5	-1.3439803218355043E-3	-5.3734276154870555E-3	-2.1453934730560377E-2	-0.13238057669631906	-0.50690696302579208	-1.0672101638483871	-1.747043046954972	-2.4889901557880294	-4.008146911190086	-5.4494040124723009	-6.762435944550111	-7.9453910071913967	-9.0113086229019856	-9.9759875870047292	-10.854097399966832	-11.658206087938773	-12.748000776907247	-14.025304112092838	-14.602356997961419	-15.656052043961362	-16.598530817207184	-18.941925066356646	-20.508585922764663	Frequency (Hz) 


A(dB)



Low Pass Experimental - Vin (V)

Vin (V)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	5.08	5.08	5.08	5.08	5.08	5.04	5.08	5.04	5.04	5.08	5.08	5.08	5.12	5.08	5.12	5.12	5.0999999999999996	5.16	5.12	5.16	5.12	5.12	5.08	5.12	Frequency (Hz)


Vin (V)



Low Pass Experimental - Vout (V)

Vout (V)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	5.04	5	5	5	5.04	4.72	4.4000000000000004	4.08	3.76	3.16	2.68	2.36	2.04	1.8	1.64	1.48	1.36	1.24	1.04	1	0.88	0.8	0.6	0.52	Frequency (Hz)


Vout (V)



Low Pass Experimental - A(dB)

A(dB)	100	500	1000	2000	5000	10000	15000	20000	25000	35000	45000	55000	65000	75000	85000	95000	105000	120000	140000	150000	170000	190000	250000	300000	-6.8663516767879157E-2	-0.13787415895800875	-0.13787415895800875	-0.13787415895800875	-6.8663516767879157E-2	-0.56977075622875129	-1.2482207159546364	-1.8354074671129066	-2.5448538303572859	-4.1235325933103084	-5.5545783651026071	-6.659034186276255	-7.9927958709986404	-9.0118241436122641	-9.8885222585626575	-10.780164911617467	-11.480625354554375	-12.384560329299525	-13.844732433541008	-14.252994032544228	-15.295745776513243	-16.123599479677743	-18.554249238005514	-19.86533234682064	Frequency (Hz)


A(dB)



High Pass Analytical - Xc (Ω)

Xc (Ω)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	35.367765131532295	53.051647697298449	106.1032953945969	212.2065907891938	1061.0329539459688	2122.0659078919375	2652.5823848649225	3536.7765131532292	4244.131815783875	5305.1647697298449	7073.5530263064584	10610.32953945969	13262.91192432461	17683.882565766147	26525.823848649219	53051.647697298438	106103.29539459688	Frequency (Hz)


Xc (Ω)



High Pass Analytical - Vout (V)

Vout (V)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	4.9999687283231173	4.9999296395521204	4.9997185760292782	4.9988745891495787	4.9720906575582182	4.8910858426631227	4.8328651434064707	4.7138610963879142	4.6026262925649819	4.4169202296169967	4.0820046249095912	3.4293335597311958	3.0101653379576723	2.4611744808572036	1.763781637127841	0.92616777060069033	0.46915981497116649	Frequency (Hz)


Vout (V)



High Pass Analytical - A(dB)

A(dB)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	-5.4324636722043597E-5	-1.2222947704761892E-4	-4.8889726910894874E-4	-1.955258944066457E-3	-4.8619313561806966E-2	-0.19129438430107681	-0.29530655220904345	-0.51186446678557851	-0.71928580572372225	-1.0770089688832878	-1.7619302380043163	-3.2752054960853041	-4.4075930759025113	-6.1565520191868073	-9.0505037504027808	-14.645606805642604	-20.552983960036034	Frequency (Hz)


A(dB)



High Pass Experimental - Vin (V)

Vin (V)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	5.12	5.12	5.2	5.12	5.12	5.04	5.04	5.04	5.04	5.04	5.04	5.04	5.04	5.04	5.04	5.04	5.04	Frequency (Hz)


Vin (V)



High Pass Experimental - Vout (V)

Vout (V)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	5.04	5.04	5.12	5.12	5.04	5.04	4.88	4.72	4.6399999999999997	4.4000000000000004	4.08	3.44	3.04	2.48	1.84	0.8	0.56000000000000005	Frequency (Hz)


Vout (V)



High Pass Experimental - A(dB)

A(dB)	300000	200000	100000	50000	10000	5000	4000	3000	2500	2000	1500	1000	800	600	400	200	100	-0.13678849060610931	-0.13678849060610931	-0.13466765317936857	0	-0.13678849060610931	0	-0.2802142888562934	-0.56977075622875129	-0.71825111781288897	-1.1795571991867562	-1.8354074671129066	-3.3174418774799035	-4.3911390567354314	-6.1595771123861809	-8.752254268719776	-15.986810989071634	-19.084850188786497	Frequency (Hz)


A(dB)



Low Pass Analytical - Cut off Frequency
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