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Abstract:

This report will cover the process of finding the resonant frequency and Q factor of a band-pass filter circuit.
This process involved designing and simulating the circuit in the CAD software Proteus, then a series of voltage measurements were taken at a range of frequencies, this allows for 2 graphs to be plotted, one is a graph of peak-to-peak voltage vs frequency, the other is a graph of attenuation vs frequency. After doing this the real circuit was constructed, the measurements were repeated using a signal generator and oscilloscope, and finally the same graphs can be plotted using the results of the real experiment. It is important that all the data is in the same format as it allows the results of both experiments to be compared. 
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1. Introduction

A band-pass filter is a type of circuit that blocks frequencies above or below a specified range, this range is called a passband. It is effectively a combination of a low-pass filter, which allows frequencies below a certain point, and a high-pass filter, which allows frequencies above a certain point.
The band-pass filter used in this report is an RLC circuit, this means that it contains a resistor, an inductor and a capacitor. The way that this circuit works is because at low frequencies the capacitor has high reactance, cutting off the low frequencies, and at high frequencies the inductor has high reactance, cutting off the high frequencies. At the resonant frequency both the capacitor and inductor have equal but opposite reactance thus cancelling each other out and letting the current flow freely, meaning the resistor is the only thing providing impedance to the circuit.
The reason the circuit can work this way, only allowing a specific range of frequencies to flow freely, is because capacitive reactance or XC is calculated with the formula:

This equation proves that capacitive reactance is inversely proportional to the frequency, meaning the higher the frequency, the lower the reactance, resisting the low frequencies.
The same goes for inductive reactance, or XL , which is calculated with the formula:

This equation proves that inductive reactance is proportional to the frequency, meaning the higher the frequency, the higher the reactance, resisting the high frequencies.

There are many uses for band-pass filters, perhaps the most common use is in wireless transmitters and receivers, for instance FM radio. The reason for using band-pass filters in wireless communications is to restrict the transmission to a certain bandwidth, such as 88MHz to 108MHz in FM radio communications, this reduces the chances of interference and allows certain frequency channels to be used for specific functions. 




1. Introduction (Cont.)

Aside from radio communications, band-pass filters can also be used for medical or industrial purposes as it is often necessary to remove unwanted noise from sensitive instrumentation, a good example of this is in ECGs (Electrocardiograms) which are used to read the rhythm of electrical impulses in the heart. Band-pass filters are necessary because there is interference from other parts of the body, such as breathing which creates low frequency interference (between 50mHz and 1Hz), and muscle tremors which create high frequency interference (between 5Hz and 450Hz) [1]. For this application a band-pass filter tuned to attenuate these frequencies is perfect and greatly reduces the noise on the final ECG. 
The remainder of this report will cover how this circuit was simulated, how it was built and tested using the same parameters, a comparison of results from both the simulated and real circuits and finally a technical conclusion of the findings.

Circuit Setups:

2.1. Simulated Circuit Setup

To design and perform measurements on a simulated RLC band-pass filter, the circuit CAD software Proteus was used, this is a powerful simulation software that allows the use of digital oscilloscopes, signal generators, probes, graphing tools and more, it is more than appropriate for gathering the data for this report and in fact made it much easier to compare and tweak findings. 
The circuit was designed using a 1kΩ resistor, a 1µF capacitor and a 1mH inductor. The resistor is placed in series, with the capacitor and inductor placed in parallel as shown in this circuit diagram:

[image: A diagram of a circuit
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(Fig.1.)

2.1. Simulated Circuit Setup (Cont.)

On the left of the circuit diagram (Fig.1.) is a signal generator set to output a sine wave at 2VPP over a range of frequencies, and on the right is an oscilloscope with input A reading the input voltage directly from the signal generator, and input B reading the output signal after it has gone through the band-pass filter circuit. The frequencies (in Hz) used for the measurements increase exponentially in the scale 100, 200, 500, 1000, 2000, 5000 etc. Using this scale measurements were taken between 100Hz and 20,000Hz, with extra measurements taken at 4900Hz and 5200Hz, these extra measurements were taken to provide detail on the frequency response around the resonant frequency of the circuit. The resonant frequency is found using the formula: 

Where L is the inductance, and C is the capacitance. Using this equation, it can be determined that the resonant frequency of the circuit is 5032.92Hz, the reason that no measurements were performed at the resonant frequency is because while using the virtual signal generator there is not enough resolution in the frequency dials to set the signal generator to that frequency. That being said a separate measurement was performed using a more accurate sine wave generator to provide data on the output voltage at resonance.

2.1. Real Circuit Setup

To perform measurements on the real RLC band-pass filter the same process was used, a breadboard was set up with a 1kΩ resistor placed in series with a 1µF capacitor and a 1mH inductor in parallel as shown in this picture:

[image: ]
(Fig.2)

*(Fig.2.) Was retrieved from Moodle as no clear picture of the breadboard was available [2]


2.1. Real Circuit Setup (Cont.)

As this is a breadboard circuit the set up is not as simple as connecting the output to a virtual oscilloscope, in this case the circuit was connected to the positive terminal of the signal generator by the yellow wire shown in (Fig.2.), and the negative terminal was connected to the black wire. After this both oscilloscope probes had to be connected to the correct area for measurements, for this circuit one was connected to the output of the signal generator to measure input voltage, and the other probe was connected to a leg of the inductor to measure the output voltage of the circuit. The probes’ ground connection also needs to be connected to the negative terminal of the signal generator as shown in the image below:

[image: ]
(Fig.3.)

After the breadboard was assembled and all measurement equipment was connected appropriately, the same exponential scale used in the simulated circuit was applied to take measurements between 100Hz and 20,000Hz. Again, measurements were also taken at 4900Hz and 5200Hz to provide more detail on the frequency response around the resonant frequency, the reason no measurement was taken at resonance was so the results from both circuits, real and simulated, would be directly comparable. Unfortunately it was found at a later date that on the simulated circuit, a measurement at resonance was possible, but having not recorded a measurement on the real circuit they cannot be compared.






Results:

After collecting the output voltage measurements from both the real and simulated RLC band-pass filter circuits the attenuation needs to be calculated, this can be done using the formula:

The attenuation needs to be calculated for two reasons, primarily because the attenuation value is an indicator of the level of impedance on the circuit. The closer the figure in dB is to zero, the less impedance across the circuit, with 0dB of attenuation meaning the signal will not lose any power while transmitting through the filter. 
The other reason it is necessary to calculate impedance is that it allows the results of both circuits to be compared on the same scale, as is evidenced in (Fig.4.) below, trying to compare the voltages will yield no meaningful insights as the real RLC circuit voltages are so much lower than the simulated voltages.
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(Fig.4.)

After the attenuation had been calculated and all the data had been aggregated into an excel spreadsheet, it could be plotted into graphs to provide some understanding of how the band-pass filters worked and give some clues as to why there were such differences between the real and simulated circuits.







3.1. Simulated Circuit Results

The chart below (Fig.5.) shows the numeric results from the range of measurements taken on the simulated RLC circuit, from left to right it shows the frequency at which a measurement was taken in Hz, the input voltage from the signal generator in V, the output voltage of the circuit in V, and finally the attenuation in dB.

[image: ]
                          (Fig.5.)

Below is a graph of the output voltage, there is a very steep peak that begins just before and ends just after the resonant frequency. This peak is at the frequency 5000Hz which returned an output voltage of 1.93V, this is incredibly close to the input voltage of 2V. 
[image: ]
(Fig.6.)

3.1. Simulated Circuit Results (Cont.)

The graph below (Fig.7.) shows the attenuation plotted against the frequency, the peak is much more gradual than on the voltage graph but the highest value is  -3.32E-01  or  -0.332dB  this number is very close to the 0dB mark where there is no attenuation across the circuit and the frequencies are allowed through at close to full voltage.
 
[image: ]
(Fig.7.)

After plotting both the voltage and attenuation graphs, the same data was put into an excel spreadsheet for determining Q factor. Q factor is a measurement of the quality of the circuit, hence the name Q (or quality) factor. The Q factor has no unit, it is purely a numeric scale with a higher number corresponding to a smaller bandwidth, which in the case of this RLC band-
pass filter is desirable because it lets a smaller range of frequencies pass around resonance. [3]
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			       (Fig.8.)


3.1. Simulated Circuit Results (Cont.)

(Fig.8.) above shows the graph used to calculate the Q factor of the simulated RLC band-pass filter circuit. To calculate the Q factor, 4 things are needed. The resonant frequency, this is the blue vertical line in the middle. The -3dB line is also needed, this is the orange horizontal line passing through the middle of the graph, it is calculated by subtracting 3 from the highest measurement on the graph. The two yellow vertical lines are the upper and lower frequencies, these are calculated based on where the -3dB line crosses the attenuation series line on the graph and when the lower is subtracted from the upper it provides the bandwidth.
Once this data has been collated it can be entered into the formula:

Where  is the resonant frequency,  is the upper frequency, and  is the lower frequency.
This equation returns a bandwidth of 142Hz and a Q factor of 35.4 for the simulated RLC circuit.

3.2. Real Circuit Results 

The chart below (Fig.9.) shows the numeric results from the range of measurements taken on the real RLC band-pass filter circuit. The input voltage is lower than the simulated circuit at 1.94V even though the signal generator was set at 2V, and the output voltage and attenuation is much lower than the simulated circuit.

[image: ]
		   (Fig.9.)


3.2. Real Circuit Results (Cont.)

Below (Fig.10.) is a graph of the output voltage of the real RLC circuit, the peak is a lot more sloped compared to the output voltage of the simulated circuit, and the highest measurement is much lower at only 0.15V, though again there was no measurement at resonance.

[image: ]
(Fig.10.)

The graph below (Fig.11.) is the attenuation of the real circuit. The peak is much more gradual than the simulated circuit, and the scale a lot smaller also, with the highest measurement being  -2.22E+01 or -22.2dB.

[image: ]
(Fig.11.)


3.2. Real Circuit Results (Cont.)

Again after the attenuation graph had been plotted it was possible to work out the Q factor of the real RLC circuit, the graph below (Fig.12.) shows how it was calculated. The peak of the graph is much lower and more gradual, meaning that the bandwidth is much wider, indicating a lower Q factor. To prove this the formula    was once again used.
The formula returned a bandwidth of 1350Hz and a Q factor of 3.7 for the real RLC circuit.

[image: ]
(Fig.12.)

Discussion of Results:

4.1. Discussion of Simulated Circuit Results

The simulated circuit results show a very steep and sudden peak with an equally sudden drop off in the frequency response in both the voltage and attenuation graphs, this is due to the signal generator approaching the resonant frequency of the circuit. The maximum value of the attenuation graph being -0.332dB and theoretically even higher as no measurement was taken at resonance, is particularly impressive as it shows that the capacitive reactance and inductive reactance have almost completely cancelled each other out, a value of 0dB attenuation would mean that there is no attenuation throughout the circuit and the output voltage would read as 2V, the same as the input voltage. This is only possible in the simulated circuit as losses from wires and components are not calculated in Proteus.
The Q factor of this circuit is also very good at 35.4 with a pass bandwidth of 142Hz, the circuit has a very small area around the resonant frequency, where the reactance of the capacitor and inductor start to counteract each other and allow signals through with increasing voltage as they approach resonance, this is evidenced by the very sharp peak in the voltage graph. 


4.2. Discussion of Real Circuit Results

The real circuit results are much lower than the simulated, with a much more gradual peak on both graphs and much lower measurements with the highest recorded output voltage being 0.15V and the highest recorded attenuation being -22.2dB. This is to be expected from a real circuit, especially a breadboard, as there are many factors that introduce losses to the circuit for instance improper connections, resistance introduced by wires and components, and heat losses. All of these factors could have contributed to the lower output voltage and even the lower input voltage which was consistently 1.94V, this is likely due to the resistance of the wires and oscilloscope probes. Although with that considered, it was still a perfectly functioning band-pass filter, with much less attenuation and higher voltage around the resonant frequency.
The Q factor of the real RLC band-pass filter circuit is a good indicator of how well it performs, and the Q factor was calculated as 3.7 with a pass bandwidth of 1350Hz. This means that the area which the pass band occupies is a lot wider, allowing a wider range of frequencies through at higher power. It also means that there is not a very large difference in voltage between frequencies in the stop bands and frequencies in the pass band, this isn’t good for a lot of band-pass filter applications where it is desirable to have a much more defined pass band, such as the band the simulated circuit provides.    

4.3. Comparison of Results

The graph below (Fig.13.) shows a comparison of the attenuation of the simulated and real RLC circuits.

[image: ]
(Fig.13.)



4.3. Comparison of Results (Cont.)

As shown above (Fig.13.) the attenuation of the real circuit is much higher at 100Hz than the simulated circuit at the same point, with the real circuit starting around -45dB, where the simulated circuit starts around -65dB. The real circuit also drops off much faster after the peak and even ends on a lower attenuation value, nearer to -50dB. The assumption for this would be that, in the real circuit, there is a factor that means the inductor provides more impedance than the capacitor, for instance the capacitor having a wider tolerance where the simulated circuit uses an exact value, this would explain why the attenuation graph for the simulated circuit is much more even, where the graph for the real circuit is somewhat uneven. It would also explain why the attenuation value starts off higher than expected at low frequencies, when the capacitor is providing the impedance, and the attenuation value is lower at higher frequencies, when the inductor is providing the impedance to the circuit.

5. Conclusion    

In conclusion the two RLC circuits performed as expected, and both acted as functioning band-pass filters. It was determined that when simulating circuits there are several factors that introduce differences between the simulated results and the real circuits results. Theoretically the two circuits should have the exact same results as they were designed and built using the same components, but while the simulation uses the exact values given, the real circuit has tolerances on the components that can result in different measurements, alongside this there are also factors that would be impossible to simulate such as resistance along a wire, as they differ with every wire or component used. 
That being said, theory used is correct and the resonant frequencies of both circuits is near enough identical, as evidenced by the graphs and data provided, and it was proven that the losses on real circuits can have massive effects on its purpose, which is shown by the hugely different Q factor values between the real and simulated circuits.
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