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[bookmark: _8e7t6cipoxbw]Abstract
This report is going to include the investigation into the effects of resonance and the characteristics of a parallel band-pass filter, as well as comparing and evaluating data gathered from a simulation and real circuit. The simulation was done using a software called Proteus and the same circuit was made using a breadboard to gather the real results. It was found that despite both circuits including the same components, there were noticeable differences in the attenuation and Q Factor for both examples. This was likely due to tolerances and imperfections in the real circuit which the simulation would not have accounted for. However, the characteristics of the filter were represented in both sets of data.



[bookmark: _igeti01d3hf]Introduction
The circuit being investigated in this assignment is a band-pass filter which allows only a middle range of frequencies to pass, while attenuating the lower and higher frequencies [1]. The circuit is also known as an RLC circuit as it involves a resistor (R), inductor (L), and capacitor (C). In this case the capacitor and inductor are in parallel and provide the effects of a low-pass filter and high-pass filter respectively. An example of the circuit can be seen in Figure 1:
[image: ]
[bookmark: _ehe8q065u8j0]Figure 1: RLC Circuit
The reactance of the system is a value that attenuates the signal and is calculated slightly differently for the inductor and capacitor. For the inductor the reactance is calculated using the equation [2]:

For a capacitor it is calculated [2]:

Through these equations it can be seen that the inductive reactance and capacitive reactance are the inverse of each other. The inductive reactance increases when the frequency increases, but the capacitive reactance decreases when the frequency increases. 



For band-pass filters the minimum attenuation can be approximated using the resonant frequency. At this point, the capacitors and inductors reactance have the same values, but as they oppose each other this results in minimum reactance. The resonant frequency of the circuit can be calculated using the formula:



This equation can actually be derived from the equation for the reactance of the inductor and capacitor:







Additionally, the Q factor will be calculated to help differentiate between the simulated results and real world results. The Q factor can determine the quality of the filter based on the ratio of the peak and the bandwidth. A higher peak with a smaller bandwidth is considered a better quality filter as it attenuates more around the peak, allowing less noise around the resonant frequency. To calculate the Q Factor the following formula can be used:



Where the bandwidth is the frequency at gain -3 dB from the minimum attenuation. For the results of this investigation the bandwidth will be determined by visually inspecting the graph.

The resistor does not impact the reactance but it instead affects the impedance, which is the combination of the reactance and resistance. The resistor allows more or less voltage depending on the value of it. More resistance will reduce the peak voltage and as such will impact the Q factor negatively.
Impedance can be calculated using the following formula [4]: 



From this it can be seen that the resistance is unaffected by the other components, therefore is the component not taken into account in relation to resonant frequency. This also shows that when inductive reactance and capacitive reactance are equal, they cancel each other out. This means that the equation for impedance at the resonant frequency is simply:



This shows how at the resonant frequency the impedance will be at a minimum, therefore the attenuation will also be at a minimum.

A band-pass filter can be used when frequencies are only wanted within a certain range. For example with radio stations that use a specific frequency, you are going to want a filter with a high Q factor so as to not pick up noise from other radio stations on adjacent frequencies [4]. In a system like this you could choose which frequency to listen to by moving the distance between the capacitor’s plates, which would change the capacitance and thus the resonant frequency.

Simulation is going to be done using the Proteus Design software [5] which allows the circuit to be designed and simulated. Proteus also offers virtual oscilloscopes and signal generators to be connected and controlled which will be the method for reading and recording data. For recording the real data the setup was replicated using physical equipment and the same method for reading data was used.
[bookmark: _9jf2v3uxtsf8]

Simulation Setups
The 3 components required for the circuit are a resistor, capacitor and an inductor with values 1kΩ, 1µF and 1mH respectively. The circuit is connected to a signal generator and an oscilloscope to measure the output voltage. The circuit diagram made in Proteus can be in Figure 2.[image: ]
[bookmark: _p3jurum7es2k]Figure 2: Proteus Circuit
When running the simulation, the values for the frequency used was within the range of 100 Hz - 20,000 Hz, while the input voltage stayed the same at a constant 2V. Additionally, a data point at the resonant frequency was taken. Using the formula, where in this case L = 1mH and C = 1µF:







The process to measure the voltages was done by simulating the circuit and using the tools for the oscilloscope and signal generator that Proteus provides. For each frequency the signal generator was modified to output each frequency, then the peak-peak voltage was read on the oscilloscope. The Proteus simulation tools can be seen in the Figure 3.


[image: ]
[bookmark: _t0drjvgxybgp]Figure 3: Proteus Simulation Tools


Using this method, the voltages were measured and tabulated. Additionally, the ratio of the voltage is calculated to show how much the voltage is attenuated:





The results can be seen in Table 1:
[bookmark: _xtc3ba8j14xn]Table 1: Simulation Results
	Frequency (Hz)
	Vin (V)
	Vout (V)
	Attenuation

	100
	2
	1.25E-03
	6.25E-04

	200
	2
	2.50E-03
	1.25E-03

	500
	2
	6.40E-03
	3.20E-03

	1000
	2
	1.33E-02
	6.65E-03

	2000
	2
	3.00E-02
	1.50E-02

	4000
	2
	1.38E-01
	6.90E-02

	4900
	2
	1.10E+00
	5.50E-01

	5032.92
	2
	2.00E+00
	1.00E+00

	5200
	2
	8.10E-01
	4.05E-01

	6000
	2
	1.70E-01
	8.50E-02

	10000
	2
	4.25E-02
	2.13E-02

	15000
	2
	2.50E-02
	1.25E-02

	20000
	2
	1.69E-02
	8.45E-03



By graphing the data of the frequency against the attenuation on a graph with the frequency axis on a log scale it can represent the characteristics of the filter: allowing more voltage around the resonant frequency to pass, and attenuating more the farther it is. The graph can be seen in Figure 4:
[bookmark: _cuhiy7s60b4l][image: Attenuation vs. f]
[bookmark: _xz6n2h2ncu0g]Figure 4: Simulation Results Graph

Following this the Q factor now needs to be calculated. To do this the bandwidth must be found. For this the attenuation now needs to be calculated in decibels, which can be done using the following formula:



With this formula the data in the attenuation column can be replaced (Table 2).
[bookmark: _78lnn061irn7]Table 2: Simulation Results in dB
	Frequency (Hz)
	Vin (V)
	Vout (V)
	Attenuation (dB)

	100
	2
	1.25E-03
	-64.08239965

	200
	2
	2.50E-03
	-58.06179974

	500
	2
	6.40E-03
	-49.89700043

	1000
	2
	1.33E-02
	-43.54356709

	2000
	2
	3.00E-02
	-36.47817482

	4000
	2
	1.38E-01
	-23.22301819

	4900
	2
	1.10E+00
	-5.19274621

	5032.92
	2
	2.00E+00
	0

	5200
	2
	8.10E-01
	-7.850899536

	6000
	2
	1.70E-01
	-21.41162149

	10000
	2
	4.25E-02
	-33.45282131

	15000
	2
	2.50E-02
	-38.06179974

	20000
	2
	1.69E-02
	-41.46286582



This data is now graphed so the bandwidth can be found. As the peak attenuation of these results is 0, the bandwidth will simply be at -3 dB on the graph. The graph showing this can be seen in Figure 5.
[image: Attenuation vs. f]
[bookmark: _yczbd92cgpko]Figure 5: Simulation Results Bandwidth
From this the values are approximated to be 4950 Hz and 5100 Hz, resulting in a bandwidth of 150 Hz. The Q factor can now be calculated: 



[bookmark: _ljue9lpzg61e]Results
In order to gather real data, the circuit was made which uses the same components as the one designed using proteus. The components were placed on a breadboard and connected to a signal generator and oscilloscope where the same input frequency and voltage would be applied as in the simulation. Figure 6 and Figure 7 show the circuit that was made on a breadboard, and the oscilloscope used to read the data.

[image: ]
[bookmark: _9sga6hg6byok]Figure 6: Breadboarded Circuit

[bookmark: _dombiqhow3t8][image: ]Figure 7: Real Oscilloscope
[bookmark: _o33yvh8krgqv]
By reading the values from the oscilloscope, the following data was gathered and can be seen in Table 3.
[bookmark: _tc7a9so0xdr3]Table 3: Real Results
	Frequency (Hz)
	Vin (V)
	Vout (V)
	Attenuation

	100
	1.96
	1.60E-02
	8.16E-03

	200
	1.96
	1.70E-02
	8.67E-03

	500
	1.96
	1.80E-02
	9.18E-03

	1000
	1.96
	2.20E-02
	1.12E-02

	2000
	1.96
	3.50E-02
	1.79E-02

	4000
	1.96
	1.16E-01
	5.92E-02

	4900
	1.96
	2.16E-01
	1.10E-01

	5032.92
	1.96
	2.24E-01
	1.14E-01

	5200
	1.96
	2.20E-01
	1.12E-01

	6000
	1.96
	1.46E-01
	7.45E-02

	10000
	1.96
	4.40E-02
	2.24E-02

	15000
	1.96
	2.60E-02
	1.33E-02

	20000
	1.96
	2.00E-02
	1.02E-02




By graphing the table with the same principles from the simulation this also shows the characteristics of the filter (Figure 8).[image:  Attenuation vs. Frequency]
[bookmark: _neynumuio5jl]Figure 8: Real Results Graph
To calculate the Q Factor the attenuation was calculated into decibels like before (Table 4).
[bookmark: _icakfoegswkh]Table 4: Real Results in dB
	Frequency (Hz)
	Vin (V)
	Vout (V)
	Attenuation (dB)

	100
	1.96
	1.60E-02
	-41.76272177

	200
	1.96
	1.70E-02
	-41.236143

	500
	1.96
	1.80E-02
	-40.73967133

	1000
	1.96
	2.20E-02
	-38.99666781

	2000
	1.96
	3.50E-02
	-34.96376054

	4000
	1.96
	1.16E-01
	-24.55596164

	4900
	1.96
	2.16E-01
	-19.1560464

	5032.92
	1.96
	2.24E-01
	-18.84016106

	5200
	1.96
	2.20E-01
	-18.99666781

	6000
	1.96
	1.46E-01
	-22.55806431

	10000
	1.96
	4.40E-02
	-32.9760679

	15000
	1.96
	2.60E-02
	-37.54565447

	20000
	1.96
	2.00E-02
	-39.82452151



However, in this case the minimum attenuation is not 0. So -3 dB must be taken from the highest value. This gives -21.84 dB as for the bandwidth. Again, the data was graphed to approximate the bandwidth and can be seen in Figure 9.
[image: attenuation vs. F]
[bookmark: _9xuml9s47tid]Figure 9: Real Results Bandwidth


From this a reading of around 4450 Hz and 5800 Hz was read, giving a bandwidth of around 1350 Hz. With this the Q factor can now be calculated:




[bookmark: _xwuokiyx7s0g]Discussion
The results from both sets demonstrate the characteristics of a band-pass filter through the attenuation of the high and low voltages, with a peak at or around the calculated resonant frequency. 

In the simulation there was no attenuation at the resonant frequency, which is expected in a perfect situation where the capacitor and inductor values are accurate. However, in the real world there was still attenuation at the resonant frequency. This is likely due to imperfections in the components resulting in the actual values of the capacitor and inductor being more or less than what it is supposed to be. Because of that the resonant frequency will shift when compared to that of a perfect system. [image: attenuation vs. F]
[bookmark: _e2aq7gi8pmf6]Figure 10: Real vs Simulated Graph using dB
This consequence is also reflected in the Q factor. The simulated results had a much better Q factor when compared to the real results which can be evaluated visually by the much higher peak on the simulation. This can also be due to imperfections of each component.



The value for the Q factor in both sets of data could be inaccurate due to reading of a graph with relatively few data points. Therefore, to increase the accuracy more readings would need to be taken. This would also allow the correct resonant frequency to be found for the real circuit, which could show the imperfections in the components. By using components with a lower tolerance, the Q factor could increase and could also improve consistency across multiple repetitions of the same circuit.

Because of the large differences in results, simulating the circuit can’t be seen as a completely accurate method to gather representative data. However, the behaviour can still be properly demonstrated therefore if the output values are not important, only the way it behaves, then it may be a suitable method to simulate.

Simulation results may be improved by artificially adding imperfections to each component with the tolerance of the real counterpart. From this, an average across multiple sets of data could be taken to understand how much the results may vary. Additionally, automating the readings would greatly improve the results, allowing for more accurate graphs and therefore more accurate Q factor calculations. This would also allow the graphs to be smoothed without artificially doing so in software, which may drastically change the real shape of the graph. 

If a similar investigation is done again, this method would be a great option to reduce manual involvement, and improve the reliability of the findings. A different software may be required to do this, however it would be worth learning a new software if it means improving results. Data gathered from the real counterpart would still have to be done manually however, which may be the limiting factor in deciding whether this method is used or not.


[bookmark: _7ru0lrveiivc]Conclusion
Through this investigation it was shown that the resonant frequency can be used to determine an approximate value of frequency where the impedance is minimum. The true minimum is hard to calculate as components have imperfections which can shift the true value of the resonant frequency. The use of components with lower tolerances can restrict this effect. By taking a larger number of finer steps when gathering data would be a simple method to find the true point of minimum impedance which can improve the calculation for the Q factor and understand the quality of resistor, capacitor and inductor used.
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