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This report will investigate the differences between simulating a band pass filter and measuring the results of a physical filter. The circuit in question is shown below.
[image: ]Figure 1: Band pass filter.

A band pass filter can also be known as a parallel LC resonant circuit, or a tank circuit [1]. The point of this circuit is to block all frequencies within a range apart from a specified band. They have a range of uses, from transmission of signal to isolation of audio signals. The band pass filter utilises the opposing characteristics of capacitors and inductors to create an ‘infinite’ impedance at the resonant frequency (f0). As frequency increases, the reactance of the capacitor decreases, and the reactance of the inductor increases, the shape of this response will be discussed later, however, there is a frequency at which the reactance of both is at an equal magnitude, and when two equal reactance’s are in parallel, the total impedance tends towards infinity [1], the total impedance (Z). This f0 is where inductive reactance (XL) is equal to capacitive reactance (Xc) . XL = 2πfl where f is frequency and l is in inductance and Xc   where c is capacitance [1]. At f0, XL = Xc  , from this the equation  can be drawn. This can be rearranged as follows to obtain f0.
 Then multiply by f.
Then divide by 2πl.
 Then square root.

Then simplify.

At this point, frequencies at and around f0 will be passed virtually unimpaired. The point at which a frequency is ‘passed’ is the -3dB point, or 70.7%. The quality of a band pass filter can be calculated by calculating the Q factor. This characterises the sharpness of the point.  where BW is ∆f at the -3dB points [2] .
[image: A diagram of a bandpass filter quality factor

Description automatically generated]The rest of this report will cover the Q factors measured and calculated by the practical circuit and simulated circuit respectively. It will also cover the differences between those two values, and explore possible explanations for these differences, and what can be done to simulate the circuit more accurately.Figure 2: A graph showing Q factor and its components [2]
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To simulate the circuit, proteus 8 was used. The circuit was created using a 1kΩ resistor (R1) in series, and then a 1uF capacitor (C1) and a 1mH inductor (L1) in parallel, see figure 1. A frequency generators input was then inputted, with a sine wave with 2V pk-pk, and a varying frequency.
As determined previously, . For this circuit C=1uF(1x10^-6f), and L=1mH (1x10^-3H). Substituting in these values gets  = 5032.92121Hz. At this value, V out should be highest, and near to 2V.
To obtain values for Vout at differing frequencies, starting at 100Hz, and ending at 20Hz, as per the brief, the frequency was stepped up incrementally, with smaller steps taken in and around the f0 point. Vout was measured across the inductor and capacitor, and Vin was taken straight from the frequency generator. Vout was measured using the oscilloscope module in proteus. 
[image: ]The process above in figure 3 was repeated with varying values up to 20,000hz, and the values for Vout (Channel B) recorded in a table. To plot the frequency response of this circuit, as per the brief, attenuation should be plotted against the frequency. Gain can be shown as , and attenuation(dB) can be calculated using  [3]. The frequencies used for the simulation were, 100Hz, 200Hz, 500Hz, 1000Hz, 2000Hz, 3000Hz, 4000Hz, 4500Hz, 4900Hz, 5000Hz, 5200Hz, 6000Hz, 10000Hz, 15000Hz, and 20000Hz.Figure 3: Proteus simulation with signal generator and oscilloscope.


These values were then used to calculate attenuation in dB and plotted against frequency in a graph.

[bookmark: _Toc165553966]Practical
[image: ]The practical was conducted in much the same way. The components were connected the same way, using breadboard and the same value components (not taking into account tolerance). A signal generator was connected to the resistor, and oscilloscope probes were used to measure Vout across the LC network, and to measure Vin from the signal generator.Figure 4: Bread board circuit with signal and oscilloscope probes connected.


[image: ]
Figure 5: Oscilloscope showing Vin and Vout.

[image: ]
Figure 6: frequency generator.
More frequencies were measured to ensure an accurate graph was created. For this test, the frequencies, 100Hz, 200 Hz, 500 Hz, 1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 4500 Hz, 4900 Hz, 5000 Hz, 5032 Hz, 5100 Hz, 5200 Hz, 5500 Hz, 5500 Hz, 6000 Hz, 10000 Hz, 15000 Hz, and 20000 Hz were used. The results were recorded in excel, and these values were then used to calculate attenuation in dB and plotted against frequency in a graph. 
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Below is the graph for the simulated circuit, showing the attenuation against frequency for the simulated circuit.

Figure 7:Attenuation against frequency for simulated band pass filter.
The table that produced this graph can be seen below.
	simulation measured
	
	

	
	
	
	
	

	F
	Vin
	Vout
	Attenuation
	attenuation dB

	100
	2
	1.25E-03
	6.25E-04
	-64.08239965

	200
	2
	2.50E-03
	1.25E-03
	-58.06179974

	500
	2
	6.40E-03
	3.20E-03
	-49.89700043

	1000
	2
	1.33E-02
	6.63E-03
	-43.57628235

	2000
	2
	3.00E-02
	1.50E-02
	-36.47817482

	3000
	2
	5.90E-02
	2.95E-02
	-30.60355968

	4000
	2
	1.38E-01
	6.88E-02
	-23.25454595

	4500
	2
	2.85E-01
	1.43E-01
	-16.92370271

	4900
	2
	1.10E+00
	5.50E-01
	-5.19274621

	5000
	2
	1.925E+00
	9.63E-01
	-0.331985236

	5200
	2
	8.10E-01
	4.05E-01
	-7.850899536

	6000
	2
	1.75E-01
	8.75E-02
	-21.15983894

	10000
	2
	4.25E-02
	2.13E-02
	-33.45282131

	15000
	2
	2.375E-02
	1.19E-02
	-38.50732763

	20000
	2
	1.68E-02
	8.40E-03
	-41.51441428


Figure 8: Table showing the results generated from the simulated circuit.
These results show, that at 5000Hz, Vout is very close to Vin, it is not exactly Vin as expected, but this is because f0 = 5032. 92121Hz, but the proteus frequency generator was not able to be that precise, as it has an analogue dial as the input, at 5000Hz, 100Hz was the smallest step possible.

Figure 9: Zoomed in graph showing attenuation dB.
By limiting the data displayed on the graph, the -3dB points can be found, this can be done by going 3dB down from the highest data point, in this case it was just below 0dB. From this it can be found that, fl = 4943Hz, and fh=5065Hz, so the bandwidth = fh-fl = 5065-4943 = 122Hz. The F0 was calculated to be 5032.92121Hz, but is shown on the graph to be 5000Hz, so 5000Hz will be used to calculate Q factor as the data available would not create valid results with 5032.92121Hz. The difference, however, would be negligible. Q=f0/BW so Q= 5000/122= 40.984 (using 5032.92121Hz gives a Q factor of 41.253).
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The results from the practical circuit are as follows.

Figure 10: Attenuation against frequency for breadboard circuit.
The values that produced this graph can be seen below.
	
	breadboard test
	

	
	
	
	
	

	F
	Vin
	Vout
	Attenuation
	attenuation dB

	100
	2
	1.12E-02
	5.60E-03
	-45.03623946

	200
	2
	1.16E-02
	5.80E-03
	-44.73144013

	500
	2
	1.33E-02
	6.65E-03
	-43.54356709

	1000
	2
	1.76E-02
	8.80E-03
	-41.11034656

	2000
	2
	3.23E-02
	1.62E-02
	-35.83654947

	3000
	2
	5.80E-02
	2.90E-02
	-30.75204004

	4000
	2
	1.21E-01
	6.05E-02
	-24.36489251

	4500
	2
	1.97E-01
	9.85E-02
	-20.13127539

	4900
	2
	2.92E-01
	1.46E-01
	-16.71294288

	5000
	2
	3.04E-01
	1.52E-01
	-16.36312824

	5032
	2
	3.10E-01
	1.55E-01
	-16.19336604

	5100
	2
	3.08E-01
	1.54E-01
	-16.24958558

	5200
	2
	3.06E-01
	1.53E-01
	-16.30617138

	5500
	2
	2.64E-01
	1.32E-01
	-17.58852138

	6000
	2
	1.72E-01
	8.60E-02
	-21.31003098

	10000
	2
	4.52E-02
	2.26E-02
	-32.91783122

	15000
	2
	2.64E-02
	1.32E-02
	-37.58852138

	20000
	2
	1.92E-02
	9.60E-03
	-40.35457534


Figure 11: table showing the results from the breadboard circuit that were used to make the graph in figure 10
As can be seen in figure 11, the gain at 5032Hz was able to be measured.

Figure 12: Zoomed in graph to calculate Q factor.

Once again, fl and f0 were found by going -3dB from the highest data point.
From this graph, it can be seen that fl= 4630Hz, and fh= 5690Hz. From this, ∆f = 5690-4630 = 1060Hz, and f0= 5032.921Hz, so Q= .
The Q factor from the simulated results is much greater (at 40.984) compared to the physical circuit (at 4.748).

Figure 13 A graph showing a comparison of the simulated circuit vs the physical circuit.
The graph above further shows the difference between the simulated circuit and the physical circuit. It shows that the simulated circuit has a much higher, and much sharper peak, whereas the breadboard circuit has a much shallower peak.
[bookmark: _Toc165553970]Results discussion
As can be seen from the results above, the Q factor of the practical circuit is greatly diminished when compared with that of the simulated circuit. The simulated circuit had a Q factor of 40.984, and the practical Q factor was 4.749. This discussion will endeavour to determine the causes of this difference, and attempt to find ways to more accurately simulate the circuit.
The first point to note is the values of the components. When simulating, this value is exact, but in reality, components have tolerance values. The resister was listed as having 1kΩ, but was listed as a tolerance of ±5%, and was measured as 979Ω. The inductor was listed as 1mH, had a tolerance of ±10%, and was measured as 0.994mH. The capacitor was listed as 1uf, had a tolerance of ±10%, and was measured as 1.064uf.
As shown earlier, , and therefore, the changes in values would mean a change in f0. Using these new values, f0 can be calculated to be 4893.912Hz.
Another factor to note is the limitations of the test equipment used. In both the simulated circuit, and the practical circuit the signal generator had some limitations. For the simulated circuit, the signal generator had a limitation in the step size of the frequency, meaning that a data point at 5032Hz could not be measured. For the practical circuit, the signal generator was also analogue, making it difficult to gen exact values for f, for example, 5000Hz may have actually been 5001Hz. 
The next important concept to note is that of ideal components. The simulated set up assumed that a resistor was purely resistive, a capacitor purely capacitive, and inductor purely inductive, however, they include other properties of other components in them, for example a resister has capacitance in parallel, and series inductance. Capacitors also have inductance and series resistance(ESR), as well as parallel resistance, and inductors have series resistance and parallel capacitance [4].  These properties are known as parasitics. They arise mainly due to physical construction, for example resistance in the leg of a component, or capacitance wherever conductors are separated by an insulator. [5]
Therefore, ideal components have equivalent circuits that have more realistic characteristics. The inductance of the resistor can be measured, and was measured as 84.5uH, as can the ESR of the inductor, as was found to be 7.32Ω. The ESR of the capacitor was slightly more complicated, from [6].  is known as dissipation factor, or ratio of active power to reactive power at a frequency. From ,  ∴ ESR = tan  /2πfc. This shows that the ESR of the capacitor changes with frequency. Two values for ESR were measured for this capacitor, one at 1 kHz, measuring 5.09189x10^-5, and one at 10 kHz, measuring 7.63784x10^-4.
The effect that this ESR and ESL can have is quite large, as high ESR can cause loss of power and unwanted voltage drop. The ESL can also generate EMI, and when used in a high frequency circuit, for example an RF circuit, can create issues in the rest of the system [7].


These values can be put into a circuit, and this can be used to more accurately simulate the practical circuit, using LTspice.[image: ]
[image: ]Figure 14: ideal component circuit shown left, and realistic components shown right.Figure 15: An AC analysis of the circuits in figure 13, created by LTspice. The green plot shows the ideal circuit, and the blue plot shows the realistic components.

Simulating these circuits yields results that support the idea that the ESR of the components does reduce the Q factor, this can be seen In the AC analysis produced by LT spice for these circuits. 
The blue plot in figure 15, shows the realistic components, as the peak of this is greatly diminished, the Q factor will also be lower, this shows that the reason for the lower Q factor in the practical circuit is that the simulated circuit did not account for the ESR of the other components, or the other parasitic characteristics. It is important to note that the values stated earlier for the ESR and exact component values, are not the exact same components as used in the practical, but are from components from the same pack. This means that the exact values may differ, but values in this range will be good enough to produce a more precise simulation.
Also shown in figure 15, the dotted green and blue lines, these represent the phase of Vout at different frequencies. In the first half of the circuit, Xc is greater, and the voltage across the capacitor is greater and the graph shows the phase shift is near +90, it then decreases as the Xc decreases and Xl increases, then at f0, when they are equal, the phase shift is 0, the phase shift then goes towards -90, as Xl becomes greater than Xc. 
A more accurate circuit was simulated in proteus 8 and is shown below.
[image: ]
Figure 14: simulated circuit including ESR to get more accurate results.
As calculated earlier, the new f0 is 4893.912Hz.
The results of this circuit can be seen below.
[image: ]Figure 15: table showing the simulated results of a circuit including ESR’s.

This new circuit is much similar to the results observed from the practical circuit.

Figure 16:Graph showing Attenuation vs frequency, for both the breadboard circuit and the simulated one with ESR.

Figure 19: Calculation Q factor
Figures 18 and 19 shows that the new simulated circuit very closely matches the practical circuit.
The new Q factor of this circuit is f0/BW = 4893.912Hz/5360-4440 =5.319. This is not exactly the same as the practical circuit, however, is much closer than the original simulated circuit. This can be attributed to the fact that those components were not the exact ones used in the practical, inaccuracies in the physical test equipment [8], and limitations on the resolution of the test equipment. It is also important to note that there would have also been resistance added in the wires connecting the signal generator to the circuit, in the breadboard between components, and the oscilloscope probes. However, it does prove that a more accurate circuit can be generated when parasitic properties are taken into account.
It is also important to note that while this new circuit has given more accurate results, there is still a lot more that could be done to improve the accuracy, for example, simulating the measurement leads, but also including the ESL, parallel capacitance, and other parasitic values of the components, as well as using the datasheet to get ESR capacitor values for each frequency tested.
To further gain more insight on this, it would be advised to obtain the manufacturers data sheets for each component, and then use the values given on that to more accurately use ESR at each frequency.
[bookmark: _Toc165553971]Conclusion
In this report is has been found that a simulated circuit using ideal components will not give accurate results when the circuit is remade with physical components. It is important to take into account component tolerances/the exact values of the components that are being used. It is also/more important to account for unwanted properties of components, for example ESR.
The practical element of this report determined that the simulated circuit had a Q factor of 40.984, whereas the simulated circuit had a Q factor of 4.748. However, a more accurate simulated circuit(including ESR) can get a Q factor of 5.319. The small discrepancy between the measured values and the more accurate simulated ones could be attributed differences in components, or tolerance/problems in test equipment, or to other factors not discussed in this report.
Further reading on this topic can be done using, The art of electronics [1], analog circuits [9], and the other references used.
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Attenuation against frequency for a constructed band pass filter
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Attenuation against frequency for a constructed band pass filter
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Comparison of attenuation (dB) between simulated circuit VS breadboard circuit 
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Graph showing Attenuation vs frequency , for both the breadboard circuit and the simulated one with ESR
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 Graph showing frequency vs attenuationfor the simulated band pass circuit, including ESR
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4500 2 2.38E-01 1.19E-01 -18.5073

4900 2 3.08E-01 1.54E-01 -16.2637

5000 2 3.025E-01 1.51E-01 -16.4061

5200 2 2.65E-01 1.33E-01 -17.5557

6000 2 1.38E-01 6.88E-02 -23.2545

10000 2 4.00E-02 2.00E-02 -33.9794

15000 2 2.250E-02 1.13E-02 -38.9769

20000 2 1.60E-02 8.00E-03 -41.9382


