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The aim of the assignment is to design an active filter capable of filtering the high and low frequency noise from a given signal. The signal was determined from the seven-digit student number, in this case 1500015. The student number was separated into three sections;
High frequency noise:150kHz.
Low frequency noise: 00kHz.
Desired frequency:15kHz.
This evidently presents some issues however as noise at 00kHz is equivalent to no noise at all. To account for this the low frequency noise was boosted by 10kHz. To prevent the low frequency noise and desired signal from being too close together the desired signal was also given a 10kHz boost. The resulting frequencies are shown below:
High frequency noise:150kHz.
Low frequency noise: 10kHz.
Desired frequency: 25kHz.
As this has both high and low frequency noise the designed filter would have to be band pass. The design must reduce the gain of the noise by 30dB to be considered successful. To do this the design will implement several second order filters that are both low pass and high pass. The filters will be designed using the Sallen Key topology.
To achieve the required reduction of gain at 10kHz and 150kHz, seven low pass filters were combined with four high pass filters. This reduced the gain at 10kHz low frequency noise by 39dB and at the 150kHz high frequency noise by 37.3dB. 
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As the circuit must attenuate both high and low frequencies beyond a certain cut off the filter must be bandpass. A bandpass filter is simply a combination of a high pass filter and a low pass filter [1]. A low pass filter attenuates the high frequencies allowing the low frequencies through, a high pass filter does the reverse [2].
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There are two main types of filters, active and passive. At the most basic level, the difference between the two is simply that the passive filter only uses passive components, whereas the active filter uses active components and therefore needs an external power source [3]. Passive components include resistors, capacitors, inductors, and transformers. Active components include transistors, vacuum tubes or operational amplifiers.
Passive filters have the advantage of being reliable and requiring no external power source but are more limited. For lower frequencies they need larger inductors, some of which may require shielding. They also provide no power or voltage gain and have to be designed with input and output loading considered [4].
Active filters, on the other hand, are easier to design and have minimal input and output loading, they are also able to produce high gain. Because they are active however they require an external power supply and can require many more components.

[bookmark: _Toc505704435]Filter TopologyFigure 1 An example of a first order low pass filter compared to a second order filter.

Each filter in the design will be second order, which means it will have two resistors and two capacitors instead of just one of each [5]. Second order filters are used when a first order filter is insufficient to remove the unwanted signal. Figure 1 [6], shows two frequency response curves, the red represents a first order filter, and the blue represents a second order filter. The second order filter response demonstrates a drastically increased roll-off, resulting in a cut off frequency much closer to the desired frequency. The steeper response means that more unwanted frequencies get cut off, thus you have a more efficient filter.
Second order filters can also be used to design much higher order filters by cascading first and second order filters together [6]. There are several options when it comes to the design or topology of a second order filter. The most common types are Butterworth, Chebyshev, Bessel and Sallen-Key. The Sallen-Key topology will be used for all the filters designed in this assignment. Sallen-Key was chosen as it only requires a single operational amplifier and four passive RC components [6]. 
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As the filter is required to be band pass it will be made up with a combination of Low Pass Filters (LPF) and High Pass Filters (HPF). The filters are comprised of just five types of component; resistors, capacitors, a 741 op-amp, two Vsines and a sine generator. The sine generator provided the 0.2vrms and the desired frequency of 25kHz. The Vsines provided the high and low noise of 150kHz and 10kHz respectively. 
Once the filter had been created the values for the resistors and capacitors had to be set. This is done using the equation  [5]. but this relies on having the values for both R and C already. Consequently, the equation had to be rearranged to utilise the available values. As the high and low noise frequencies were known it was possible to determine a cut off frequency (fc) and rearrange using that as a known variable. This left a resulting equation of  however this still left us without a value for the capacitors. Thus, a capacitor value of 470pF was decided upon and was input into the equation, which allows the equation to be utilised. 
The low pass filter was designed first, with the cut off frequency determined to be 145kHz. Inputting this fc and the capacitor value of 470pF gave us the equation  resulting in a resistor value of 2335.3623ꭥ or 2.335kꭥ. As the closest available resistor value is 2.4kꭥ that was implemented instead of 2.335kꭥ. Figure 2 shows the completed LPF. Figure 2 A figure showing a completed second order LPF.

For the high pass filter, the same equation was used, as was the capacitor value. A cut off frequency of 20kHz was determined and so using the equation  the resistor value was calculated to be 16931.3769ꭥ or 16.931kꭥ. As there is no widely available 17kꭥ resistor a 16kꭥ and a 1kꭥ were placed in series to simulate a 17kꭥ resistor.
[bookmark: _Toc505704437]Results and Analysis

With the resistor and capacitor values input, the results were viewed on a frequency response graph as seen in figure 3. As can be seen in the graph the passband is at 6dB with a peak at 8.2dB. These must be brought down to 0dB and the peak removed before this filter can be considered successful. 
To do so the gain has to be altered using R3 and R4. By reducing R3 from 2.4kꭥ to just 1kꭥ the peak was removed entirely, and the pass band was brought down to just 3dB. This is an improvement however it is still not sufficient. Manipulating the value of R4 was the next step, reducing the value returned the response to that shown in figure 3, so an increase was needed. The value of R4 was incrementally increased until it reached 75kꭥ. With R4 at 75kꭥ the passband was at only 100mdB and the desired signal of 25kHz was at -114mdB. This was deemed acceptable and would be corrected in later stages. In figure 4 the frequency response of the LPF is more ideal, however, the high-frequency noise at 150kHz has only been reduced by 6.6dB which is insufficient.Figure 3 A frequency response graph of the first attempt at an LPF.
Figure 4 Shows the frequency response curve with the altered values for the LPF.
Figure 5 Shows both the first and second LPF. The green trace is the first LPF and the red trace is the second.

To increase the reduction in noise another LPF can be added, turning the filter into a fourth order filter. The second LPF added was the same as the first and the frequency response curve displayed in figure 5 shows that the addition of a second LPF made the cut off much steeper. The high-frequency noise at 150kHz now sits at -13.2dB which is an improvement however still requires the addition of extra filters to reach the aim of a minimum of -30dB.Figure 6 Shows the frequency response curve from a singular LPF to 5 cascaded LPF.

Figure 6 shows the result of additional filters. Each filter after the first further reduces the gain at 150kHz until the final LPF reduces it to -33.1dB.Figure 7 Shows a second order HPF.

With the LPF having reduced the high-frequency noise to greater than -30dB the HPF was designed and added to the filter. Figure 7 shows a designed HPF, however, the one used does not contain two additional Vsines or a sine generator. Figure 8 Shows the frequency response curve with the output of the LPF cascaded with the first HPF.

Figure 8 shows the frequency response curve after the first HPF. It is evident from this curve that adding the low pass filter has lowered the gain of the passband, this was noted but put to one side as the addition of more high pass filters would reduce it further. The curve also shows that the gain reduction in the higher frequencies has been affected suggesting that the addition of further low pass filters may be required if it is taken back above -30dB. The low-frequency noise at 10kHz is shown to be at only -10.5dB which is insufficient, as a result, additional high pass filters must be implemented to reduce this further. 
As can be seen in figure 9, the addition of three extra high pass filters has drastically increased the effectiveness of the filter. It has brought the low-frequency noise down to -39.5dB. However, it has also raised the peak and reduced the gradient of the high pass noise which now sits at -24.1dB.  To counter this, two more LPF were added. Figure 9 Shows the frequency response curve with all the additional HPF.

Figure 10 in the appendix shows the frequency response curve once the final LPF were added. From it we can identify that the low-frequency noise at 10kHz is sitting at -39.0dB and the high-frequency noise at 150kHz are sitting at -37.3dB. Both results are comfortably beyond the minimum 30dB reduction. The desired signal at 25kHz is sitting on 30.4mdB which equates to zero reduction in signal and negligible gain. 
The final circuit for the filter contains seven second order low pass filters and four second order high pass filters.  Figure 11 in the appendix shows the final circuit design with the low pass filters above the high pass filters. Table 1 Shows the gain after each filter is added.

Table 1 shows more concisely the effects of each additional filter on the gain of the low and high-frequency noise as well as the desired signal. Figure 12 in the appendix displays this data in the form of a graph.
Figure 13 shows the readout of the oscilloscope connected to the filter. The first trace is connected before the addition of any filters and as such is displaying the signal with both high and low noise. The second trace shows the effect of a single low pass filter upon the signal. It is visible when comparing this trace to the first that there has been a noticeable albeit minor reduction in the levels of high-frequency noise. The third trace displays the signal after all the low pass filters and a single high pass filter have been applied. Here it is evidently a much smoother signal. The final trace displays the signal output at the end of the entire circuit when compared to the third trace the difference is hard to see. However, if compared more closely as in figure 14 it is apparent that the final output is much more uniform and smooth than the output after the first high pass filter. Figure 14 Shows trace 3(pink) and 4(green) more closely.
Figure 13 Shows the output of an oscilloscope connected to various points on the filter.
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The original signal taken from the modified student number was broken into three sections. These sections were low frequency noise at 10kHz, high frequency noise at 150kHz and the desired signal at 25kHz. A filter had to be designed to reduce the noise at both frequencies by a minimum of 30dBa whilst allowing the desired frequency to pass. As a result, the filter had to be a band pass filter combing both low and high pass filters. Designed using the Sallen-Key topology. As can be seen in the results, by cascading filters together you can achieve greatly increased roll-offs. This allows for steeper gradients and a greater reduction in gain at the cut off frequencies. To reach the required reduction in gain it was necessary to combine seven low pass filters with four high pass filters forming a 22nd order band pass filter.  This brought the gain of the low-frequency noise to -39dB and the high-frequency noise to -37dB. Figure’s 6 and 9 clearly demonstrate the difference in overall filter effectiveness when further filters are added. The addition of the extra filters also allowed the desired signal at 25k to reach 0dB so that there was no loss of signal and as it only exceeded 0dB by 304mdB there was imperceptible gain. 
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Figure 11 The final circuit.


Figure 12 Shows a graph displaying the data in Table 1.

A graph showing the effects of additional filter stages upon the gain of the desired signal and high and low frequency noise.
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A graph showingthe effects of additional filter stages upon the
gain of the desired signal and high and low frequency noise.
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