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The low-pass filter op-amp circuit is an active electronic circuit used fo
pass low frequencies. In practice, making this circuit requires active
components in the form of an operational amplifier and several passive
components such as resistors and capacitors. To obtain the required
passive component values, calculations are carried out according to
theory, but the results of these calculations sometimes make it difficult
for users to find the values for the same components. Components sold

Keywords: on the market do not always exactly match the user’s needs, so
Low-pass sometimes these components are replaced with components whose size is
Filter close to the calculated value. Therefore, in this research, testing was
Butterworth carried out regarding the effect of inaccurate component values on the
Circuit filter output characteristics. From the results of this research, it was

Fourth Order found that the cut-off frequency decreased by 6.25% and that premature

damping occurred at low frequencies at 100 Hz. However, overall this
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1. INTRODUCTION

To eliminate electronic signal noise, we can use an active filter in the form of an op-
amp feedback circuit using resistor and capacitor components. There are three general types
of configurations for using Op-Amps as filters, namely lowpass filters, high-pass filters and
bandpass filters. High-pass Filter is a filter or frequency filter that can pass high frequency
signals and inhibit or block low frequency signals. In other words, high frequency signals will
more easily pass through the High-pass Filter while low frequency signals will be inhibited or
difficult to pass through. The ideal High-pass Filter that does not pass signals with frequencies
below the cut-off frequency at all (Trisnawati, 2021). While low-pass filters have the ability to
pass frequencies below the cut-off frequency, several filters are also used in audio signal
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processing, especially to remove background noise (Tun & Swe, 2020). In eliminating noise,
especially in audio signals, there are other methods such as Noise Cancellation, which utilizes
an inverting signal from audio noise to oppose the original noise signal so that there is a
weakening of the amplitude due to the signals being in opposite phase by 180 degrees (Chaki,
2021).

Techniques for making op-amp-based active filters usually apply a Sallen-Key circuit
topology. This classic filter design utilizes op-amps and passive components such as resistors
and capacitors to pass the desired frequency (Denisenko et al., 2022). Sallen-Key topology is
usually followed by mathematical calculations to determine the value of components such as
resistors and capacitors needed. In this calculation, there are three optimization methods to
obtain the expected frequency cut-off point, namely Butterworth, Chebyshev and Bessel
(Mancini, 2003). The Butterworth method has the advantage of a flat signal response in the
passband area compared to other methods, although the other methods have different
characteristics, Butterworth is a method with a cut-off character that is in the middle of the
others (Thompson, 2014). Filters using the Butterworth method have passband amplitude
response characteristics that are almost flat and have no ripples, so they are relatively better
than Chebyshev filters, which are also commonly used filter designs (Laghari et al., 2014;
Paarmann, 2001).

Even though it is relatively easy, making a Butterworth filter is not without problems.
In general, when building a filter using this method, you must pay attention to the value of
the components used. Problems arise when the value of the component that we will use is not
sold on the market, especially the value of the capacitor that will be used, so it requires us to
make a series and parallel circuit to get the desired value. However, does this mismatch in
capacitor values have a significant impact on the expected output results? Therefore, in this
research, will identify the effect of inaccurate component values on the frequency output
characteristics of a low-pass filter circuit using the Butterworth method.

2. METHOD

In this research, a fourth order Butterworth type low-pass filter op-amp circuit was
built. The cut-off frequency is 400 Hz, so frequencies more than the cut-off frequency will be
attenuated. The research begins by designing the circuit that will be used and then testing the
circuit by providing variations in frequency input. Details of the design and testing methods
are explained in the following subsections.

2.1 Fourth Order Butterworth Filter Design

To make an op-amp-based filter, calculations are needed to determine the value of the
components needed in the circuit (Blackledget, 2006). In this research, it was determined that
a fourth order filter was made, so that according to Figure 1, the number of op-amps used was
two. The op-amp circuit design follows the Sallen-Key topology where this circuit utilizes a
feedback capacitor between the non-inverting input and the op-amp output (Self, 2011). This
design uses a unity amplifier, which means that the input signal amplitude is the same as the
output (Jankowski & Napieralski, 2013). Figure 2 shows the circuit of the Fourth Order
Butterworth filter used in this research.
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Figure 1. Multilevel Filter Stages for High-Level Filters
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Figure 2. Fourth Order Sallen-Key Butterworth Filter

The value of the capacitor used is calculated using the equation,
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We can determine the value of the capacitor C; ourselves, then enter this value into

Equation (1) to obtain the value of C; from the calculation results.

The next step is to carry out calculations using Equations (2) and (3) to obtain large
values for R; and R;. The f, parameter is determined by 400 Hz which is the cutoff frequency
of the designed lowpass filter. Meanwhile, the values a; and b, are the Butterworth coefficient

values based on Table 1.
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Table 1. Butterworth coefficient values up to fourth order

n I aj b ;

1 1 1.0000 0.0000

2 1 1.4142 1.0000

3 1 1.0000 0.0000
2 1.0000 1.0000

4 1 1.8478 1.0000
2 0.7654 1.0000

In the fourth order filter, based on Figure 2, there are two stages of the filter circuit. To
calculate the values for R3, Ry, C3,andC,, you only need to recalculate by adjusting the
Butterworth coefficient for the second level value (Mancini, 2003).

2.2 Test Simulation

Before the entire circuit is built, it is necessary to test it in a computer simulation to
ensure that the calculations carried out are in accordance with the expected results. In this
research, PSpice simulation software was used to analyze the Butterworth lowpass filter
electronic circuit according to Figure 1, using component values that had been previously
calculated. Later the output from this simulation will be a graph between the frequency and
the resulting signal gain in dB units. The design built can be said to be suitable if the simulation
graph of test results shows a value of — 3 dB when the signal is at a frequency of 400 Hz.

2.3 Filter Construction and Testing

When the simulation testing is appropriate, then proceed with building a filter circuit
with components according to the design. For the op-amp, in this study the UA741 type op-
amp was used because it works quite well in the frequency range up to 10k Hz. Meanwhile,
the thing you need to pay attention to is the value of the components used, because each
passive component must have a tolerance value, which means the actual value can be greater
or higher for both resistors and capacitors.

It is the imperfection of this component that will be looked at in this research, whether
it will have a significant impact on the characteristics of the lowpass filter being built. To get
component values that are close to the actual value, in practice the components will be
connected in series or parallel.

3. RESULTS AND DISCUSSION

3.1 Simulation Result

After carrying out calculations using equations 1, 2 and 3, the resistor and capacitor
component values are obtained from R; = 3674 Q,R2 = 36740, R3 = 15220, R4 = 1522Q,
then the capacitor value C; = 100,C, = 117nF, C3 = 100nF, C, = 683 nF. This
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component is then inserted into the circuit simulation in Figure 1, so that a comparison graph
between frequency and signal gain is obtained as in Figure 3.
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Figure 3 Comparison of second-order and fourth-order low-pass filter simulation results

The red line is the frequency characteristic pattern of the second order lowpass filter,
while the green line is the frequency characteristic pattern of the fourth order lowpass filter. It
can be observed that, these two orders have an appropriate cut-off point according to the
design, namely 400 Hz at -3 dB. The fourth order filter has better gain stability than the second
order, this is proven by the fourth order gain graph which tends to be stable when the
frequency is 100 Hz to 300 Hz, while in the second order the gain has started to decrease since
the frequency is 100 Hz. Moreover, as the frequency increases, the gain graph drops sharply,
indicating that the output signal can be well attenuated by the low-pass filter circuit.

Based on Figure 3, it can be seen that at 400 Hz the filter output signal experiences a
decrease of -3 dB, this is in accordance with the theory that the low-pass cut-off frequency of
the Butterworth filter is -3 dB (Mancini, 2003). Therefore, this filter design is computationally
appropriate and can be continued to build filter hardware.

3.2 Hardware Output Results

The resistor value approach from the calculation results used in this low-pass filter
hardware is as follows, R; = 3674 Q, R2 = 3674Q, R3 = 1522Q, R4 = 1522Q. The resistor
used has the same value as the calculation result, this is due to the use of a variable resistor in
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the circuit so that the resistance value can be adjusted according to needs. For the capacitor
values selected as follows C; = 97 nF, C, = 120nF, C; = 96 nF, C, = 708 nF. The average
percentage discrepancy in capacitor values in this circuit is around 3.3%, which can be said to
be a very small difference between the capacitor values used and those simulated.

The circuit that has been built can be seen in Figure 4, this circuit uses two uA741 op-
amps, this type of op-amp was chosen because its working frequency is up to 1 MHz so it is
sufficient to analyze signals with a predetermined cut-off frequency of 400 Hz. Tantalum type
capacitors (yellow components) are used in this device, this is because this type of capacitor is
known to have high stability compared to other types of capacitors (Freeman et al., 2021). To
get an accurate resistor value, a variable resistor (blue box-shaped component) is used, so that
the resistance value can be adjusted precisely.

Figure 4. Low-pass filter hardware circuit that has been built. (a) variable resistor;(b) capacitor;(c)op-
amp

Based on Figure 5, it can be observed that the graph of the gain characteristics between
the simulation and the device being built is very identical. The differences in frequency gain
results between the observed systems are not much different. However, due to differences in
component values in the capacitor, the cut-off frequency of the circuit changed to 375 Hz or
decreased by around 6.25%. At a frequency of 100 Hz, damping begins to occur when
compared to the simulation that occurs at a frequency of 300 Hz. Even though there are
differences, this circuit is still suitable for use, because the gain graph is still close to the
simulation results.
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Figure 5. Comparison of filter gain between simulation and built device

4. CONCLUSION

Making a fourth order Butteworth type low-pass filter using imprecise component
values does not have much influence on the expected signal characteristics. The effect
observed from the inaccuracy of the components used is a decrease in the cut-off frequency of
6.25% due to component errors of around *3.3%, as well as premature damping at low
frequencies starting from 100 Hz. However, the device built is still very suitable for reducing
high frequencies, because the characteristic graph is still identical to the simulation results.
Therefore, when making op-amp-based filters, as much as possible, keep the component
values according to the calculations, so that the damping characteristics of the filter are still
relevant to the initial design.
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