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1. Introduction, aims and objectives

The project involved the design and simulation of three types of filter; Bessel, Butterworth and Tschebyscheff with the
aim of designing 5" order low-pass filters for Bessel, Butterworth and Tschebyscheff, as well as 3", 61" and 9'" order
Butterworth high-pass filters. Once designed, the objective of the project is to compare characteristics of each of the
different 5™ order filter types, along with those of the Butterworth high-pass filter at the various stages.

Initially research was undertaken to investigate the differences between the three main types of filter designs, Bessel,
Butterworth and Tschebyscheff. Research was also carried out into how these filters are used in modern technology
and how they are implemented and used in two specific control processes, to change and alter either phase or
amplitude of a signal’s frequency.

Initial design stages involved that of the 5™ order low-pass filters and the one high-pass filter, which was designed
with three different stages. Information would be taken for the respective filter types’ coefficient table for the
required calculations to be made. Each filter's component would be created from the calculations. With the
components calculated, the circuits are then built, tested and analysed in Multisim.
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2. Research into filter design

Filters are electrical circuits which allow or block components of a particular frequency. Early filter designs were of a
passive nature, incorporating such elements are resistors, capacitors and inductors, however as the need to improve
filter designs and network power quality became apparent, the concept of active filters was created. (Rashid, 2011}

As the name suggests, active filters contain an active element/component, most commonly in the form of an
operational amplifier (op-amp), used alongside passive features such as resistors and capacitors. With inductors no
longer required as part of the circuit, interference from magnetic field signals is removed. (Engineering_360, 2020}

Active filters provide an improved performance, with the presence of an output to input feedback resulting in a more
stable signal and an increase in the variety of frequency response. (Engineering_360, 2020). The presence of
feedback, as well as no need for inductors, also enables the use of lower component values, in particular capacitor
values, meaning resultant filters are smaller and cheaper. (Engineering_360, 2020) Additionally, there is no insertion
loss, and control over input and output impedance can be achieved through interstage isolation. (Elprocus, 2020)

Active filters can be grouped/classified in accordance with the frequencies that they block/allow; (Unknown, 2020)

e Low-pass filter: block/limit signals above a set (cut-off) frequency

e High-pass filter: block/limit signals below a set (cut-off) frequency

e Band-pass filter: block/limit signals outside a frequency range, or pass those within a frequency range
e Band-reject, band stop filter: block/limit signals within a frequency range

0

=

[

i -

n
—AW > | Vo
4

Figure 1 - Example of an Active Low-Pass Filter (incorporating resistors, capacitors and an op-amp

(Engineering_360, 2020)

There are four main active filter types, Butterworth, Tschebyscheff, Bessel and Elliptical, with Butterworth,
Tschebyscheff and Bessel being the most common. No one filter type possess all the perfect characteristics, and as
such in order to make the most appropriate filter choice for a particular application, a comparison of the
characteristics, taking into account such factors as phase response, roll-off, passband gain, should be made. (Island,
2010)
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Figure 2 - Types of Active Filters

(Elprocus, 2020)
Butterworth Filters
The characteristics of a Butterworth filter lie between those of the Tschebyscheff and Bessel. (Circuitstoday, 2020)
The most notable feature, and the one that gives rise to its alternative name, Maximally Flat filter, is that it exhibits a

maximal flat frequency response in the passband i.e. up to the cut-off frequency. (Circuitstoday, 2020) No ripple can
be seen. (Island, 2010}

There is a reasonable phase response provided by the Butterworth, being slightly non-linear, however a sharp cut-off
near the cut-off frequency is seen, with a smooth moderate rate of roll-off (20dB/decade for each pole). (Island, 2010}

This filter is often used in applications related to audio processing. (Elprocus, 2020)

Gan dB 90° Corner
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. Maxmally fist 2nd order
3ed-order
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0.1 03 1 3 10 30 F (Hz)
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Figure 3 - Butterworth Filter

(Elprocus, 2020)
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Tschebyscheff Filters

Two types of Tschebyscheff filters exist, type | and Il. Type | is the most common and is described below. Type Il is
essentially the inverse of Type Il with ripple occurring in the stopband. (Island, 2010)

Compared to the Butterworth, phase response is poor, the non-linear response resulting in pulse distortion from
unequal delays in the passband. (Circuitstoday, 2020)

As seen with the Butterworth filter, the Tschebyscheff also demonstrates a significant phase shift approaching the
cut-off frequency/passband, with an even sharper cut-off than that seen with the Butterworth. (Circuitstoday, 2020)
However, the consequence of such a sharp cut-off, or fast roll-off, is that gain ripples (minima and maxima) appear
inthe passband i.e. below the cut-off frequency. Tschebyscheff filters are consequently also described as Equal
Ripple filters. (Circuitstoday, 2020) As the steeper the roll-off, the greater the ripple gain (i.e. higher peak to peak), a
fine balance has to be reached, this feature being adjustable at the stage of filter design. (Gircuitstoday, 2020) These
filters are not routinely employed for audio applications, being of far more use in applications requiring elimination
of a wide range of frequencies outside of that desired in the passbhand. (Elprocus, 2020)

The sharper transition between pass and stopbands means absolute errors are much less than with the other filters,
along with a much quicker execution speed. (Island, 2010)

Bessel Filters

The Bessel filter has the advantage of harbouring ‘ideal phase characteristics’, demonstrating a linear response
across a wide frequency i.e. approaching close to the cut-off. (Circuitstoday, 2020)

Although the passband does not exhibit the flatness seen with the Butterworth filter, and the cut-off/transition from
the stopband to the passband is only a gentle slope (Circuitstoday, 2020) i.e. less sharp that the Tschebyscheff filter,
the Bessel filter has the advantage of an almost linear phase response meaning at zero frequency it maximises group
delay, being constant in the passband. (Engineering_360, 2020) It also provides ideal square-wave transmission
behaviour, square-wave to the input resulting in a square-wave output, which as the delay for all frequencies is the
same, means no overshoot is seen. (Electronics-note, 2020) As a result, these filters are best suited to pulse
applications where phase characteristics are an essential feature. (Elprocus, 2020)

CHEBYSHEV
E I

—

>

i

§8 BUTTERWORTH
20

o BESSEL
o

FREQUENCY IN Hz ————s

Figure 4 - Bessel Filter — Group Delay

(Elprocus, 2020)
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Filter Comparison

Butterworth Tschebyscheff Bessel
Flat (however begins
Pass Band Flat (no ripple) Ripple to drop prior to the
cut-off frequency)
Roll-off Rate Moderate . Fastest/sharpest roll- Poor
(smooth/monotonic) off
ST DT Reasonable Sharpest Shallowest
transition
Phase Response Reasonab!e (slightly Least linear Ideal (almost linear)
non-linear)
Constant in the
Group delay Moderate Least passband

Table 1 - Filter Summary Comparison

Filters are used/employed in a variety of modern electronic systems, enabling desired frequencies to be extracted
from a signal where a number of other unwanted frequencies, relating to noise or distortion, may also be present.
(Davies, 2017) Incorporation of the filter creates a network where changes to characteristics relating to frequency of
the input signal e.g. amplitude, affects those of the resultant output. (Elprocus, 2020) The choice between active and
passive filters, and the type to be employed e.g. high or low-pass, bandpass or band stop will depend on the needs
of the application. Filters are used in biomedical instrumentation (interfacing sensors with data logging to smooth
out the resultant trace i.e. remove unwanted noise), radio communication systems (suppression of noise by isolating
the desired signal or reduction of interference at radio receivers from unwanted frequencies) and audio electronics
(to amplify the audio signal) to name a few. (Elprocus, 2020)

A common use of filters is to remove noise in medical instrumentation, most control systems housing a first-order
lag filter where there is an exponential approach of output to input value.

g p—————— TPV B I p————

Noisy Signal Filtered Signal

Figure 5 - Example of a Noise Filter with signal pre and post

(Smuits, 2016)
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Most commonly this will be a low-pass filter attenuating higher (fast-changing) frequencies often associated with
noise in measurement signals and allowing lower (slow-changing) frequencies. (Smuits, 2016) However, this is not
always the case. Incorporation of filters for example in ECG measurement, to remove unwanted noise/signal
frequencies from the ECG trace incorporates both low and high-pass filters. Low-pass filters enable the
removal/attenuation of higher frequencies/interference associated with muscle movement, whereas high-pass filter
remove those unwanted lower frequencies associated with respiration, to produce a cleaner, more informative
trace. (Watford, 2014)

Another example of filters in practice is that used in audio systems. In a car audio system, a mixture of high-pass,
low-pass and anti-aliasing filters may be found dependant on whether the application is for rejection of DC
components, a sub-woofer, or at the ADC input respectively. The incorporation of an op-amp i.e. an active filter
enables the audio signal to be amplified whilst maintaining the frequency response, further stability provided with
the addition of a capacitor. (Instruments, 2019) Anti-aliasing filters are often a low-pass filter, so called as they act to
reduce aliasing issues where high-frequency components are seen as low frequency aliases once sampled by the
control system. By placing the filter before the control system, these high frequency signals are removed. Ideally
chosen filters incorporate a flat passband and sharp cut-off. (Smuits, 2016), (Lai, 2003) Similarly, audio filters may be
used to remove electrical noise associated with live music, where to remove/limit feedback from amplification
equipment, a band-stop filter to impede the narrow frequency band which would result in feedback, may be
incorporated. A high-pass filter sited between the microphone (source) and board removes low frequency signals
which rarely carry sound of any value. (Wentz, 2018)
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3. Design method, choices and calculations

3.1. 5" Order Bessel— Low-Pass Filter

e Todesign a 5" order Bessel filter with a cut-off frequency of 180Khz.
Each stage of the filter has to be designed.

1= al
T 2mfeCl

Equation 1 - Bessel 5th Order Stage 1

n i a; b; ki= Q;
fcilfc

1 1 1.0000 0.0000 1.000 —

2 1 1.3617 0.6180 1.000 0.58

3 1 0.7560 0.0000 1.323 —
2 0.9906 04772 1414 0.69

4 1 1.3387 04880 0.878 0.52
2 0.7743 0.384D0 1.797 0.81

5 1 0.8656 0.0000 1.502 —
2 1.1402 04128 1.184 0.56
3 0.6216 0.3245 2.138 0.g2

Figure 6 — Bessel Coefficients Table

(Kugelstadt, 2008)

Stage 1
For the calculation, ai = 0.6656 and bi = 0. Using capacitor value of 1nF:

0.6656

L= 2xmx180x103x1x10~° 588.50

Equation 2 - Bessel 5th Order Stage 1

Stage 2
For the calculation, ai = 1.1402 and bi = 0.4128 Using capacitor value of 1nF:

clx4b
az

_ 1x107°x 4(0.4128)

c2 = 114022 = 1.27nF

c2=

Equation 3 - Bessel 5th Order Stage 2 Capacitor 2 value

Taking c2 = 1.3nF, values of R1 and R2 for stage 2 can be calculated.
ai C2 F \[ai? €22 — 4(biclc2)
4mfcC1C2

Equation 4 - Bessel 5th Order Stage 2 Resistor
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_ 1.1402x1.3x1077 — /(1.1402)? (1.3x107°)? — 4(0.4128 x 1x10~° 1.3x10~9)

R1 -
4 xmx180x10% x 1x1072 x 1.3x107°

= R1 =427.6Q

Equation 5 - Bessel 5th Order Stage 2 R1 Value

 1.1402x1.3x107° + /(1.1402)? (1.3x107°)% — 4(0.4128 x 1x10~? 1.3x10~)

k2 4 xmx180x103% x 1x1072 x 1.3x107°

= R2 =580.502

Equation 6 - Bessel 5th Order Stage 2 R2 Value

Stage 3
For the calculation, ai = 0.6216 and hi = 0.3245. Using capacitor value of 1nF:

clx4b 1x1079 x 4(0.3245)
2= - = c2= -
0.62162

= = 3.36nF

Equation 7 - Bessel 5th Order Stage 3 Capacitor 2 value

Taking c2 = 3.4nF, values of R1 and R2 for stage 3 can be calculated.

ai C2 F \fai? C2%2 — 4(bicl c2)
4mfcClC2

Equation 8 — Bessel 5th Order Stage 3 Resistor

0.6216 x3.4x107% — /(0.6216 )2 (3.4x1079)2 — 4(0.3245 x 1x1079 3.4x1077)

R1 = -
4 xmx 180x103 x 1x1079 x 3.4x10~°

= R1 = 24480

Equation 9 - Bessel 5th Order Stage 3 R1 Value

_ 0.6216x3.4x107° + /(0.6216)? (3.4x10~9)Z — 4(0.3245 x 1x10~ 3.4x10~%) _
- 4 x 7 x180x103 x 1x10~° x 3.4x10~° -

R2 R2 =304.90

Equation 10 - Bessel 5th Order Stage 3 R2 Value

Bessel 5" Order — Low-pass Filter Components

R1 Value

R2 Value

C1 Value

C2 Value

Stage 1

N/A

588.50

1nF

N/A

Stage 2

427.60)

580.10

1nF

1.3nF

Stage 3

244.80)

304.90

1nF

3.4nF

Table 2 - Bessel 5th Order — Calculated Low-pass Filter Components
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With component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable

value to enable a realistic model build and simulation.

Bessel 5™ Order — Low-pass Filter Components
R1 Value R2 Value C1 Value C2 Value
Stage 1 N/A 590.0Q 1nF N/A
Stage 2 430.00 580.00 1nF 1.3nF
Stage 3 245.00 300.00 1nF 3.4nF
Table 3 - Bessel 5th Order — Simulated Low-pass Filter Component Values
XBP1
IN ouTt
-+ = * -
¢ e &
| |
.
1.3nF 3.4nF
5900 Stage_1 — — 1
AA— + 430Q 5800 Stage_2
AN ——AAN— I 2450 3000 Stage_3
G) - l AN AN ¥
1nF 1nE J_ .
I inF I

Figure 7 - Bessel 5th Order Low-pass Filter
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3.2. 5™ Order Tschebyscheff — Low-pass Filter

e Todesign a 5th Order Tschebyscheff filter with a cut-off frequency of 180Khz.
Each stage of the filter has to be designed.

Lol
= 2nfecl

Equation 11 - Tschebyscheff 5th Order Stage 1

n i aj bj ki= @
fcilfc

1 1 1.0000 0.0000 1.000 —

2 1 1.06850 1.9305 1.000 1.30

3 1 33408 0.0000 0200 —
2 0.3558 1.1823 1.306 3.07

< 1 2.1853 5.5330 0.557 1.08
2 0.1964 1.2000 1410 5.58

5 1 56334 0.0000 0.178 —
2 0.7620 2.8530 0017 2.14
3 0.1172 1.0686 1.500 8.82

Figure 8 - Tschebyscheff Coefficients Table

(Kugelstadt, 2008)

Stage 1
For the calculation, ai = 5.6334 and bi = 0. Using capacitor value of 1nF:

5.6334

1= = 4.98K(Q
2xmx180x103x1x10~°

Equation 12 — Tschebyscheff 5" Order Stage 1

Stage 2
For the calculation, ai = 0.7620 and bi = 2.6530. Using capacitor value of 1nF:

clx4b . 1x107° x 4(2.6530)
az . “T 0.76202

= 18.15nF

Equation 13 - Tschebyscheff 5th Order Stage 2 Capacitor 2 value

Taking ¢2 = 20nF, values of R1 and R2 for stage 2 can be calculated.

ai C2 F \fai? C2%2 — 4(bicl c2)
4mfcClC2

Fquation 14 - Tschebyscheff 5th Order Stage 2 Resistor
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1o 0.7620x20x107° — ,/(0.7620)? (20x107%)? — 4(2.6530 x 1x107° 20x10~°)

= R1 =221.601
4 xmx180x103 x 1x107% x 20x10~°
Equation 15 - Tschebyscheff 5th Order Stage 2 R1 Value
R2 = 0.7620x20x1077 + \/(0.7620)2 (20x1079)2 — 4(2.6530 x 1x10~° 20x10~9) = R2 = 45220
B 4 xmx180x10% x 1x107% x 20x107° S
Equation 16 - Tschebyscheff 5th Order Stage 2 R2 Value
Stage 3
For the calculation, ai = 0.1172 and bi = 1.0686 Using capacitor value of 1nF:
clx4b 1x107° x4(1.0686) 3119mF
= = (L= = ATl
a? 0.11722

Equation 17 - Tschebyscheff 5th Order Stage 3 Capacitor 2 value

Taking c2 = 315nF, values of R1 and R2 for stage 3 can be calculated.

ai C2 F \Jai? €22 — 4(biclc2)
4mfcC1C2

Equation 18 - Tschebyscheff 5th Order Stage 3 Resistor

0.1172 x315x107% — /(0.1172 )2 (315x107%)2 — 4(1.0686 x 1x10~9 315x10~9)

R1 = =R1 =46.110
4xmx 180x103 x 1x1079 x 315x10~°
Fquation 19 - Tschebyscheff 5th Order Stagel R1 Value
R2 = 0.1172 x315x107% + \/(0.1172 )2 (315x107%)2 — 4(1.0686 x 1x1079 315x1079) — R2=E7E0
- 4 xmx180x103 x 1x1079 x 315x10~° ST
Equation 20 - Tschebyscheff 5th Order Stagel R2 Value
Tschebyscheff 5" Order — Low-pass Filter Components
R1 Value R2 Value C1 Value C2 Value
Stage 1 N/A 4.98KQ 1nF N/A
Stage 2 221.60 452.20 1nF 20nF
Stage 3 46.10 57.510 1nF 315nF

Table 4 - Tschebyscheff 5th Order — Calculated Low-pass Filter Components
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With component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable

value to enable a realistic model build and simulation.

Tschebyscheff 5™ Order — Low-pass Filter Components
R1 Value R2 Value C1 Value C2 Value
Stage 1 N/A 5.0KQ inF N/A
Stage 2 2200 4500 1inF 20nF
Stage 3 450 60.00 1nF 315nF
Table 5 - Tschebyscheff 5th Order — Simulated Low-pass Filter Component Values
XBP1
IN out
39 &3
| |
SonF 315nF
11 I
5kQ Stage_1 L} "
1 —MA— 2200 4500 Stage_2
—AMN— —AMN— 45Q 600 Stage_3
C> ] J 4+ AAA - ANA—
¥l
1nF inF l
I I 1nF I

Figure 9 - Tschebyscheff 5th Order Low-pass Filter
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3.3. 5™ Order Butterworth — Low-pass Filter

e Todesign a 5" order Butterworth filter with a cut-off frequency of 180Khz.

Each stage of the filter has to be designed.

Lol
= 2nfecl

Equation 21 - Butterworth 5th Order Stage 1

n i a; b; k; = Q i
fci/fc
1 1 1.0000 0.0000 1.000 —
2 1 14142 1.0000 1.000 0.71
3 1 1.0000 0.0000 1.000 —
2 1.0000 1.0000 1272 1.00
4 1 1.8478 1.0000 0.719 0.54
2 0.7654 1.0000 1.380 1.31
5 1 1.0000 0.0000 1.000
2 1.6180 1.0000 0.850 0.62
3 0.6180 1.0000 1.448 1.82

Figure 10 - Butterworth Coefficients Table

Stage 1

(Kugelstadt, 2008)

For the calculation, ai = 1.0000 and bi = 0. Using capacitor value of 1nF:

1

L= 2xmx180x103x1x10~°

= 884.20

Equation 22 - Butterworth 5th Order Stage 1

Stage 2

For the calculation, ai = 1.6180 and bi = 1.0000. Using capacitor value of 1nF:

c2 =
aZ

clx4b

1x107° x 4(1)
= 2=

1.6180%2

= 1.53nF

Equation 23 - Butterworth 5th Order Stage 2 Capacitor 2 value

Taking c2 = 2nF, values of R1 and R2 for stage 2 can be calculated.

_aiC2 F \ai® €22 —4(biclc2)

dmfcclcz

Equation 24 - Butterworth 5th Order Stage 2 Resistor
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_ 1.6180x2x1077 — /(1.6180)2 (2x10~°)% — 4(1.0000 x 1x10~° 2x10~)

R1 - = R1 =367.802
4 xmx180x10% x 1x107° x 2x107°
Equation 25 - Butterworth 5th Order Stage 2 R1 Value
1.6180x2x107° + 1.6180)2 (2x1079)2 — 4(1.0000 x 1x102 2x10~°
2= X Y(1.6180)2 (2x1079)2 - &( X107 24107 _ gy — 106280

4 xmx180x103% x 1x10~° x 2x10~°

Equation 26 - Butterworth 5th Order Stage 2 R2 Value

Stage 3
For the calculation, ai = 0.6180 and hi = 1.0000. Using capacitor value of 1nF:

clx4b . 1x1079 x 4(1.0000)

a2 f oetsr oo

[ =

Equation 27 — Butterworth 5th Order Stage 3 Capacitor 2 value

Taking c2 = 15nF, values of R1 and R2 for stage 3 can be calculated.

_aiC2 F Jai? C22 — 4(biclc2)
- 4mfcClC2

Equation 28 - Butterworth 5th Order Stage 3 Resistor

- 0.6180 x15x107% — ,/(0.6180 )? (15x10~%)? — 4(1.0000 x 1x10~° 15x10~°)

- = R1=123.1Q
4 x mx 180x103 x 1x1072 x15 x10~°
Equation 29 - Butterworth 5th Order Stage 3 R1 Value
0.6180 x15x107° + \/(0.6180 )2 (15x1079)2 — 4(1.0000 x 1x10~° 15x1079)
2= - = R2=423.30
4 x mx 180x103 x 1x1079 x15 x10~°
Equation 30 - Butterworth 5th Order Stage 3 R2 Value
Butterworth 5 Order — Low-pass Filter Components
R1 Value R2 Value C1 Value C2 Value
Stage 1 N/A 884.20 1nF N/A
Stage 2 367.80) 1.06KO 1nF 2nF
Stage 3 123.10 423.30 1nF 15nF

Table 6 - Butterworth 5th Order — Calculated Low-pass Filter Components
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ith component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable
value to enable a realistic model build and simulation.

Butterworth 5™ Order — Low-pass Filter Components
R1 Value R2 Value C1 Value C2 Value
Stage 1 N/A 885.00 1nF N/A
Stage 2 370.00 1.0KQ 1nF 2nF
Stage 3 125.0Q 425.00 1nF 15nF
Table 7 - Butterworth 5th Order — Simulated Low-pass Filter Component Values
XBP1
IN ouT
9 6 9
i |
onF 15nF
| - -
8850 Stage_1 L] 1"
b 3?00 1kn Stage_2
1250 4250 Stage_3
®
T nF

Figure 11 - Butterworth 5th Order Low-pass Filter
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3.4. 3" Order Butterworth — High-pass Filter

To design a 3™ order Butterworth high-pass filter with a cut-off frequency of 180Khz.

Each stage of the filter has to be individually designed.

For each stage of the design a 5nF capacitor shall be used. Values of al and b1 coefficients are from the illustration

below.

Stage 1

For the calculation, ai = 1.0000 and bi = 0. Using capacitor value of 5nF;

Stage 2

n 1 aj bj Iti = Q i
fcilfc

1 1 1.0000 0.0000 1.000 —

2 1 14142 1.0000 1.000 D.71

3 1 1.0000 0.0000 1.000 -
2 1.0000 1.0000 1.272 1.00

4 1 1.8478 1.0000 D718 D.54
2 0.7654 1.0000 1.380 1.31

5 1 1.0000 0.0000 1.000 —
2 1.6180 1.0000 D.858 D.62
3 0.6180 1.0000 1.448 1.62

Figure 12 - Butterworth Coefficient Table

(Kugelstadt, 2008)

1 1
R1= = =176.80
2mfcalcl  2xmx180x10% x 1 x5x10~°
Equation 31 - Butterworth 3rd Order Stage 1 R1
For the calculation, ai = 1.0000 and bi = 1.0000. Using capacitor value of 5nF:
RZ2 = ! = ! = 353.702
T wfca2C  wx 180x103x1x5x10-% T
Equation 32 - Butterworth 3rd Order Stage 2 R1
a2 1
R3 = 8840

T Anfch2C  4xmx180x10%x 1x5x10°9

Equation 33 - Butterworth 3rd Order Stage 2 R2

Butterworth 3" Order — High-pass Filter Components

R1 Value R2 Value Capacitor Value
Stage 1 176.8Q N/A 5nF
Stage 2 353.7Q 88.40 5nF

Table 8 - Butterworth 3rd Order — Calculated High-pass Filter Components
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With component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable
value to enable a realistic model build and simulation.

Butterworth 3™ Order — High-pass Filter Components
R1 Value R2 Value Capacitor Value
Stage 1 180.00Q N/A 5nF
Stage 2 355.00 90.00 5nF

Table 9 - Butterworth 3rd Order — Simulated Low-pass Filter Component Values

Figure 13 - Butterworth 3rd Order High-pass Filter
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3.5. 6" Order Butterworth — High-pass Filter

e Todesign a 6™ order Butterworth high-pass filter with a cut-off frequency of 180Khz.
Each stage of the filter has to be individually designed.

For each stage of the design a 5nF capacitor shall be used. Values of al and bl coefficients used are from the

illustration below.

n i aj b; k= Qj
fcilfc

1 1 1.0000 0.0000 1.000 —
2 1 1.4142 1.0000 1.000 0.71

3 1 1.0000 0.0000 1.000 —
2 1.0000 1.0000 1.272 1.00
4 1 1.8478 1.0000 0.719 054
0.7654 1.0000 1.390 131

S 1 1.0000 0.0000 1.000 —
2 1.6180 1.0000 0.859 0.62
3 0.6180 1.0000 1.448 1.62
6 1 1.9319 1.0000 0.676 0.52
2 14142 1.0000 1.000 0.71
3 0.5176 1.0000 1.479 193

Figure 14 - Butterworth Coefficient Table

(Kugelstadt, 2008)

Stage 1
For the calculation, ai = 1.9319 and bi = 1.0000. Using capacitor value of 5nF:
R1= ! = ! =183.10
 wfcalC  wx180x103x1.9319x5x107°
Equation 34 - Butterworth 6th Order Stage 1 R1
R2 al 1.9313 170.80
T 4mfcblC T Axmx180x103x1x5x107% T
Equation 35 - Butterworth 6th Order Stage 1 R1
Stage 2
For the calculation, ai = 1.4142 and bi = 1.0000. Using capacitor value of 5nF:
R1= ! = ! =250.10Q
- mfca2C  wx180x103x1.4142x5x107% "7
Equation 36 - Butterworth 6th Order Stage 2 R1
R2 = a? _ 1.4142 — 1250
T 4mfcbh2C  4xmx180x103x 1x 5x1079

Equation 37 - Butterworth 6th Order Stage 2 R2
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Stage 3

For the calculation, ai = 0.5176 and bi = 1.0000. Using capacitor value of 5nF:

Rl1=

R2

1

1

7fca3C  mwx180x103x0.5176 x 5x10-°
Equation 38 - Butterworth 6th Order Stage 3 R1
a3 0.5176

T Anfch3C  4xmx180x10% x 1x 5¢10~°

Equation 39 - Butterworth 6th Order Stage 3 R2

= 683.30

= 45.80

Butterworth 6" Order — Hi

gh-pass Filter Components

R1Value R2 Value Capacitor Value
Stage 1 183.1Q 170.8Q 5nF
Stage 2 250.10 125.0Q 5nF
Stage 3 683.30 45.80 5nF

Table 10 - Butterworth 6th Order — Calculated High-pass Filter Components

With component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable
value to enable a realistic model build and simulation.

Butterworth 6" Order — Hi

gh-pass Filter Components

R1Value R2 Value Capacitor Value
Stage 1 185.0Q 170.0Q 5nF
Stage 2 250.0Q 125.00Q 5nF
Stage 3 685.0Q 45.00 5nF
Table 11 - Butterworth 6th Order — Simulated Low-pass Filter Component Values
XBP1
—
IN out
$ ¢ ¢ o
1
170Q N
—ANAV— 1260
Stage_2 MW\~ 40
_I i _"_ Stage_3 ’ 1
&nF 5nF A 3 Stage_4
5nF 5nF I
1850 - SnF
2500

Figure 15 - Butterworth 6th Order High-pass Filter
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3.6. 9" Order Butterworth — High-pass Filter

e Todesign a 9" Order Butterworth high-pass filter with a cut-off frequency of 180Khz.
Each stage of the filter has to be individually designed.

For each stage of the design a 5nF capacitor shall be used. Values of al and bl coefficients are taken from the

illustration below.

n i aj b k= Q;
fcilfc

7 1 1.0000 0.0000 1.000 —_
2 1.8019 1.0000 0.745 D55
3 1.2470 1.0000 1.117 0.80
4 0.4450 1.0000 1499 225

8 1 1.9616 1.0000 0.661 0.51
2 1.6629 1.0000 0.829 0.60
3 1.1 1.0000 1.206 0.90
4 0.3902 1.0000 1512 2.56

9 1 1.0000 0.0000 1.000 _
2 1.87%4 1.0000 0.703 053
3 1.5321 1.0000 0.917 0.65
4 1.0000 1.0000 1.272 1.00
5 0.3473 1.0000 1.521 288

Figure 16 - Butterworth Coefficient Table

(Kugelstadt, 2008)

Stage 1
For the calculation, ai = 1.0000 and bi = 0. Using capacitor value of 5nF:

1 1
R1= = =176.800
2w fcalcel  2xmx180x10% x 1 x5x10~°
Equation 40 - Butterworth 9th Order Stage 1 R1
Stage 2
For the calculation, ai = 1.8794 and bi = 1.0000. Using capacitor value of 5nF:
R1 ! ! 188.20
T mfca2C  mx180x103 x 1.8794 x 5x107% T
Equation 41 - Butterworth 9th Order Stage 2 R1
a2 1.8794
R2 = 166.21)

T 4mfch2C  4xmx 180x10% x 1 x 5x10~°

Equation 42 - Butterworth 9th Order Stage 2 R2
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Stage 3
For the calculation, ai = 1.5321 and bi = 1.0000. Using capacitor value of 5nF:

1 1
Tfca3C  mx180x103 x 1.5321 x 5x10~°

Rl = = 230.8Q

Equation 43 - Butterworth 9th Order Stage 3 R1

a3 1.5321

= = = 135.5Q
47 fcb3C  4xmx180x103 x 1 x5x107°

R2

Equation 44 - Butterworth 9th Order Stage 3 R2

Stage 4
For the calculation, ai = 1.0000 and bi = 1.0000. Using capacitor value of 5nF:

1 1

mfcadC  mx180x103 x1 x 5x109 353.70

R1=

Equation 45 - Butterworth 9th Order Stage 4 R1

a4 1

4 fcbdC  4xmx180x103 x 1x 5x107°

R2

Equation 46 - Butterworth 9th Order Stage 4 R2

Stage 5
For the calculation, ai = 0.3473 and bi = 1.0000. Using capacitor value of 5nF:

1 1

= =1018.40
mfcaSC  mwx180x103x 0.3473 x5x107°

Rl1=

Equation 47 - Butterworth 9th Order Stage 5 R1

ab 0.3473

= AnfcbSC - Fxmx180x10°x 1x5x10 0 _ SO0

R2

Equation 48 - Butterworth 9th Order Stage 5 R2

Butterworth 9" Order — High-pass Filter Components

R1Value R2 Value Capacitor Value

Stage 1 176.8.10 N/A 5nF

Stage 2 188.20) 166.20 5nF

Stage 3 230.50 135.50 5nF

Stage 4 353.70 88.40) 5nF

Stage 5 1018.40 30.7Q 5nF

Table 12 - Butterworth 9th Order — Calculated High-pass Filter Components
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With component values for each stage of the filter calculated, values are rounded to the nearest practical and suitable

value to enable a realistic model build and simulation.

Butterworth 9t" Order — High-pass Filter Components
R1Value R2 Value Capacitor Value
Stage 1 175.00 N/A 5nF
Stage 2 190.00 165.00 SnF
Stage 3 230.00 135.00 5nF
Stage 4 350.00Q 90.00 5nF
Stage 5 1.0KQ 30.00 5nF
Table 13 - Butterworth 9th Order — Simulated Low-pass Filter Component Values
XEP1
—k
IN  OoUT
b 3
1650 -
Stage_ Ny 1350
I o Stage_2 w o 300
n g S i PR ), Stage_3 e Y
S e S 5 T/\ S sag 4 w1
[y - 3 SnF - . . K Stage_5
T s 1’% 1900 -é — | j;/ ﬁrlulF illF jl\)_‘_"_’_l S~
| 7 2300 ? — é ol SnF snF ot
1 ik 3500 —
= = L % L0s) g
é

Figure 17 - Butterworth 9th Order High-pass Filter

(See Appendix for larger image)

Page 27 of 39




4. Testing and improving the design

4.1. Low-pass Filter

With each of the filter stages’ components calculated and circuits built, testing can take place for each version of the
5™ order low-pass filter, enabling comparison.

*

179 2eie

1%

Figure 18 - Bessel 5th Order Filter Roll Off

182, 300 kHz

-3,001 d&

Figure 19 - Butterworth 5th Order Filter Roll Off
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Figure 20 - Tschebyscheff 5th Order Filter Roll Off

5th Order Filter Comparison
Filter Type DB Roll Off Measured Frequency at -3dB Roll Off
Bessel -3.000 Db 179.740 Khz
Butterworth -3.001 Db 182.309 Khz
Tschebyscheff -3.000 Db 177.882 Khz

Table 14 - Low-pass Filter Frequency Comparison

500 bz

5 Ji2d8 ima R

Figure 21 - Bessel 5th Order Low-pass Filter Logarithmic Frequency
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Figure 22 - Butterworth 5th Order Low-pass Filter Logarithmic Frequency
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Figure 23 - Tschebyscheff 5th Order Low-pass Filter Logarithmic Frequency
Low-pass Filter Comparison
Filter Type Logarithmic Frequency High Logarithmic Frequency Low Rate of Roll off
Bessel 500 Khz -25.321d8B 5.0 MHz -122.411d8B -97.090 dB
Butterworth 250 Khz -14.224 dB 2.5 MHz -113.850dB -99.626 dB
Tschebyscheff 200 Khz -15.435dB 2.0 MHz -132.548 dB -117.113dB

Table 15 - Low-pass Filter Logarithmic Frequency Comparison
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As illustrated in the images and tables above, there are notable differences between the Bessel, Butterworth and
Tschebyscheff filters. Measuring the frequency of each filter at the -3.0dB roll-off, the Bessel filter is measuring at the
required frequency of 180Khz, while the Butterworth is marginally above the required value by 2.3Khz and the
Tschebyscheff marginally below by 2.1Khz.

As the filter is 5" order, the expected roll-off rate is 100dB, at 20dB per decade. dB/decade is used to measure rate of
roll-off as it is measured at multiples of ten, or decades. The input of the circuit will fall by one tenth while the output
will multiply by ten, at each stage of the filter. (Yerzley, 2019). Measuring the rate of roll-off for each filter, the
Butterworth filter has the closest desired rate, measured at -99.6dB, while the Bessel is marginally below the
expected value at -97.1dB, and the Tschebyscheff above at -117.1dB.

The image below succinctly illustrates the information gathered from the images and tables above, showing the
variation in the filter's passbands and rate of roll-off. The Butterworth has the flattest passband, while in comparison
the Tschebyscheff has a lot of oscillation at the passband. The Bessel whilst not flat as the Butterworth, is significantly
more so that the Tschebyscheff. The rate of roll-off also varies, Bessel having the shallowest transition from pass to
stopband, Tschebyscheff the steepest, and Butterworth a moderate transition.

The differences in filters mean that their applications are varied;
e Besselfilters are used in radio frequency, audio applications and electronic applications requiring a flat group
or phase delay, resulting in the shape of the signal being preserved in the passband. (Electronics-notes, 2020)

e Butterworth filters are used in data converting applications in addition to high quality audio applications. The
filter is used in these applications ripples of magnitude. (Administrator, 2019)

e Tschebyscheff filters are used in radio frequency applications where ripples in the passband are not of concern
to the application as the steep roll off is required. (Electronics-notes, 2020)
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| —20 |
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3 \ \| [
| -30 - > \
= tterworth \ ]
- 0 \ \‘/l "IH— Rate of Roll off
Tschebyscheff \ \
_50 A A
\ \ \\
-60 \ \ i
0.1 1 10

Frequency — Q
Figure 24 - Filter comparison

(Sciencedirect, 2020)
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4.2. High-pass Filter

With each of the filter stages’ components calculated and circuits built, testing can take place for each order of the
Butterworth high-pass filter to enable comparison.

- ITREIT iz 19948

-
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Figurémjé'— Butterworth 6th Order Hfgh_— : ass Filter Roll Off
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Figure 27 - Butterworth 9th Order High-pass Filter Roll Off

Butterworth High-pass Filter Comparison
Filter Stage DB Roll Off Measured Frequency at -3dB Roll Off
3" Order -2.999 Db 178.637 Khz
6" Order -2.998 Db 179.338 Khz
9t order -2.998 Db 181.201 Khz

Table 16 - Butterworth High-pass Filter Frequency Comparison
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Figure 28 — Butterworth 3rd Order High-pass Filter Logarithmic Frequency
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Figure 29 - Butterworth 6th Order High-pass Filter Logarithmic Frequency
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Figure 30 - Butterworth 9th Order High-pass Filter Logarithmic Frequency
Butterworth High-pass Filter Comparison
Stage Logarithmic Frequency low Logarithmic Frequency High Rate of Roll off
3™ Order 10.168 Khz -74.541 dB 100.805 Khz -14.938 dB -59.603 dB
6" Order 10.037 Khz -150.037 dB 100.369 Khz -30.481dB -119.556 dB
9 order 10.119 Khz -225.449 dB 101.748 Khz -45.071 dB -180.378dB

Table 17 - Butterworth High-pass Filter Logarithmic Frequency Comparison
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As illustrated in the images and tables above a number of notable differences between each stage of the Butterworth
filters can be seen. Measuring the frequency of each filter at the -3.0dB roll-off, each stage is within an acceptable
value of the required 180Khz.

Measuring the rate of roll-on for each filter stage, the different stages of the Butterworth filter all measure within
F 0.5dB of the required value of 20dB per decade. The expected roll-off rate for 3", 6" and 9" order filters are -60dB,
-120dB and -180dB respectively.

The image below succinctly illustrates the information gathered from the images and tables above, showing the
variation in the Butterworth filter's passbands and rate of roll-on for each stage. While each stage has a flat passband,
the filter's passband is varied in duration/curvature. Each stage has a different roll-on, and as the stages increase from
3 to 6 to 9, the transition from stopband to passband decreases, making the transition steeper for each stage added
to the filter.

While the Butterworth filters can be used in applications such as signal processing, stopping low frequencies while
permitting higher frequencies to pass, the variation in the stages allow for the filter to be more selective in filtering
out lower frequency signals as the stages increase. (AspenCore, 2020)
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Figure 31 - Butterworth High-pass Filter Comparison

(Pieter.P, 2020)
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5. Conclusions

Calculation, design and simulation of the three 5" order filter types, along with the 3 stages of the Butterworth filter
was successfully completed, each filter circuit functioning as expected. Using the simulation, a successful comparison
of characteristics of each of the circuits revealed features such as roll-off rates and passhand magnitude comparable
with that stated in the literature.

Whilst there is no ideal filter, the use of such design and simulation technology can be used to test filter designs for
suitability to the intended application, and adjustments to components such as capacitor values, can be made and
simulation carried out, to test the effect of such alterations on the characteristics.

Recommendation

One recommendation would be to alter the design stage of the filters. Initially the capacitor value, C1, selected is 1nF,
the value of C1 remaining the same throughout the filter designs. By altering the value of C1 through the filter stages,
the filter responses can then be analysed and compared to see what the difference in capacitor values will make to
the filters’ other components, passband, rate of roll off and stopband. By altering the component values within the
filter, each stage of the filter could be made to be more effective and possibly display more accurate values when
testing and analysing the filters.
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Figure 32 - Butterworth 9th Order High-pass Filter
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Your application of practical skills for this task was
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appropriate language and formatting, good diagrams
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