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1. Introduction, Aims and Objectives

Research will be carried out on active filters, in particular, Bessel, Tschebyescheff and Butterworth.
These filters’ characteristics, uses and integration into control systems will be investigated,
compared and contrasted. By conducing comprehensive research these objectives will be met,
enabling the various low and high pass filters to be designed, tested and evaluated, by means of
calculating desired outcomes, simulating findings and conducting thorough testing of the filters.

Once research has been conducted, three 5 order low pass filters will be designed, using the three
aforementioned filter types.

On completion of the 5 order low pass filters, three high pass Butterworth filters will be designed of
the following orders, 39, 6™ and 9" order.

Write an executive summary rather
than aims and objectives.




2. Research

Filter Background

Filters are networks designed to pass signal frequencies in certain bands, known as pass bands,
whilst blocking or attenuating other frequencies that are found in the stop or attenuation bands.
(Bird, 2010)

The pass band of filter requires the attenuation to ideally be zero, thus enabling the required
frequencies to pass, whereas in the attenuation band, the attenuation should ideally be infinite,
creating what’s known as the cut-off frequency. (Bird, 2010)

The cut-off frequency is the frequency where the attenuation changes to enable the filter to pass the
desired frequencies, and is calculated with the equation f, = ﬁ. (Aspencore, 2020)

Filters are classified, as active or passive, where active filters contain one or more power sources and
passive filters contain no power source. (Bird, 2010)

Depending on the desired effect of the filter (high or low-pass), different resistor — capacitor
configurations can be used. For filters required to pass low frequencies (low pass filter), the resistor,
op-amp, capacitor configuration will be as shown in figure 1, using series inductors and shunt
capacitors. Whereas the high pass filter configuration is shown in figure 2, using series capacitors
and shunt inductors. (Bird, 2010)

‘R2
—AAN—
- 58200 6280
Figure 1 - Low pass filter
R4
—AAA Include researched
15302 versions of the
circuit here rather
c2 c1 u2 than your practicals.

Figure 2 - High pass filter

5




The Sallen-Key topology is used to design cascading filters. This topology is used as the building
blocks to design and build high and low-pass cascading filters. This topology uses one non-inverting
op-amp as well as two resistors to create a voltage-controlled voltage source, with high input
impedance and low output impedance as well as stability. These characteristics enables the filters to
be used in a cascaded manner to achieve high order filters. (Aspencore, 2020)

The three filters that will be researched area, Bessel, Butterworth and Tschebyescheff.
Bessel.

The Bessel filter is most commonly used in RF and analogue video signal processing, this is due to the
fact that it preserves the output wave shape, as well as exhibiting a linear phase response. This is
particularly important with RF applications. (Electronicsnotes, 2020)

The Bessel filter response is less sharp that of the Butterworth, and exhibits a more gradual roll-off
with very little over-shoot. (Thompson, 2014)

Transition from pass-band to stop band is slower than other filters as well as shallower.
(Electronicsnotes, 2020)

Figure 3 shows the magnitude response for 2™ through to 8" order, from this it is clear to see that
the roll-off is fairly gradual in the pass-band and cut-off band. (Thompson, 2014)

Bessel fler magntuce response @ = 1nd's

M agnitude, (@8]

Frg rad's (Thompson, 2014)

Figure 3 - Bessel filter magnitude response




Butterworth

Butterworth filters are commonly used for audio processing or control applications, as it exhibits a
very flat response in the pass-band. As well as the flat response Butterworth filters have the
sharpest possible roll-off, without introducing peaking. (Thompson, 2014)

It is clear to see from figure 4 that the response of the Butterworth filter is very flat compared to
that of the Bessel.

20 . e :
] P f 43 i i 13t Ordier

= 2nd order
3rd order
4th order

IHG2 x 1 (dB)

0ol : - i i
10 10 10
frequency(Hz) (Wang, 2019)

Figure 4 - Butterworth filter magnitude response

These filters pass signals without introducing any distortions in the pass-band. The rate of roll-off is
determined by the number of inductors and capacitors, as they will determine the number of poles
in the circuit. Butterworth filter poles lie in a circle in the complex pane. (Electronicshub, 2020)




Tschebyescheff

These filters allow for very fast roll-off, through allowing a ripple to occur in the frequency response.
These ripples are called pass-band ripples, the roll-off becomes steeper as the ripple increases.
There is a trade off between ripple and roll-off. If the ripple is set to 0% this will be a Butterworth
filter. Tschebyescheff filters separate frequency bands from one-another. (Smith, 1997)

There are two types of Tschebyescheff filters, type 1 and type 2. The type 1 filter allows the ripple to
only be in the pass-band, whereas the type 2 have the ripple only | the stop band. (Smith, 1997)

Figure 5 shows the ripple in the pass band before the fast roll-off occurs.

0.8

0.4

(ELPROCUS, 2020)

Figure 5 - Tschebyescheff filter pass-band ripple and roll-off

Figure 6 shows the stop-band ripple, or equiripple occurring. (ELPROCUS, 2020)

0.8

0.6 + =

0.4

(ELPROCUS, 2020)

Figure 6 - Type 2 Tschebyescheff filter stop-band response




Filter comparison table

Bessel Butterworth Tschebyescheff
Pass Band [flat very flat Type 1 - Rippled, Type 2 - flat
Roll-off very gradual slower than Tschebyescheff Steep
Ripple none none type 1 - pass band, type 2 - dead band
Phase shift |none Increases with increase inorder Poor
Use RF Control applications + many more RF filters
Overshoot [Small amount considerable - increases with order increase |some

Figure 7 shows the magnitude responses of the 5% order filters on the same bode plot.

Filter Types
Comparison of Various Type LPF Magnitude Response

U]
)
E -20
! S N 5
- \ 7
60 \ IJ
|
0 1 2
Normalized Frequency
Bessel
All 5th order filters with same comner freq.  Butterworth
Chebyshev | ——
Chebyshev Il

Figure 7 - Bessel, Butterwort and Tschebyescheff response
(ELPROCUS, 2020)
From the research conducted the following comparisons and contrasts can be made;

The Bessel filter has very gradual roll-off, in contrast with the Butterworth, which is very steep, but
not as steep as the Tschebyescheff. Pass band of the Bessel is fairly flat, but not as flat as the
Butterworth, whereas the Tschebyescheff type 1 exhibits a ripple.

Bessel is best suited for applications where the output signal has to match the input signal, such as
RF. Butterworth filters are used in high quality filtering is needed, such as data converters or high-
quality audio applications, amongst others due to its maximally flat pass band. (Electronicshub,
2020)




Filter uses in modern electronic systems

Filters are used in control systems to reduce or manipulate the noise that is inherent in the signal.
Noise in a closed loop control system is not ideal, for instance noise in a process control valve will
cause erratic operation of the valve, which can lead to process issues and premature wear of parts.

Figure 8 shows the signal, signal noise and filtered signals. Yf1 and Yf2 are the filtered values, where
Yf2 is heavily filtered. (Darby, 2019)

Magnitude

Figure 8 - Signal showing noise and filtered signal

The use of a filter in a closed loop flow control circuit is illustrated in figure 9. Here the circuit is
tuned by the PID controller, with the controller output noise, as well as other inherent noise is
filtered and fed back into the controller as filtered feedback. The filtering in conjunction with control
loop tuning will reduce erratic flow control valve operation. There is a down side to filtering, this is in
the form of lag, if the feedback loop is heavily filtered the controller will start to perform sluggish.

(Darby, 2019)

d
¥ E P Integrating process y
' — PID —¥ 0.01e'*
= s(05s+ 1)
n
Filter [ &—
Filters: 1%, 2., 3"-order, Random noise
or moving average (At = 0.1 sec) (o= 0.01%)
PID: Process:
Standard Form with proportional -“ K = Dpen-loap integrating gain = 0.01%/% sec
and derivative on PY PDA=2) 55,57 50 05 t, = Open-loop time constant = 0.5 sec
A=0.] set Pl{iA=2) 55.57 5.0 0 @ = Open-loop dead time = 1.0 sec

Derwvative filter = 0.207,
Figure 9 - Control loop with filtered feedback
(Darby, 2019)

10




Another application for filters, is to apply the filters at various stages of the control circuit depending
on application. Figure 10 shows the control loop, as part of an advanced process control circuit
(APC), here lag time has to be kept to a minimum, as there should be no delay in alarms activating
for instance. Here the signal is filtered by an anti-aliasing filter, (as depicted by the Nyquist sampling
theorem — where the maximum frequency of the input signal should be less than or equal to half of
the sampling rate). (Instruments, 2019)

The signal is then converted to a digital signal before passing through the embedded filter and
splitting to the PID loop and the communications gateway. This is don’t to ensure the appropriate
amount of filtering is applied, whilst keeping the lag time at an acceptable level. (Darby, 2019)

Levei 2

Levei 1

_./_. Filter 2 yia (k)
1/O Card ar, i
poms===s---——=—-- : ,
y(t) J| Anti-Aliasing _/__. A/D , YU | embedded | yr(k) /_. —— vy (k) biD)
Continuous | Filter At Converter || sampied Filter Ar,
LT N e Ay 1 Signol
e Alrms

Figure 10 - APC filtered control loop
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3. Design method, choices and calculations

The three-5th order low pass filters, Bessel, Butterworts and Tschebyescheff will be designed,
simulated and critically analysed.

Bessel

The Bessel filter will be created, by utilising the published Bessel coefficients below in figure 11

Table 16—4. Bessel Coefficients

n i aj b ki= Q;
fcilfc

1 1 1.0000 0.0000 1.000 -

2 1 1.3617 0.6180 1.000 058

3 1 0.7560 0.0000 1.323 -
2 0.9996 0.4772 1.414 0.69

4 1 13397 0.4889 0.978 052
2 07743 0.3890 1.797 0.81

5 1 0.6656 0.0000 1.502 -
2 1.1402 0.4128 1.184 0.56
3 0.6216 0.3245 2138 0.92

Figure 11 - Bessel Coefficients
From the coefficients table, a 5 order filter will utilise n5, stage 1,2 and 3. The filter is cascading;
therefore the 5" order is achieved by adding the three stages together.

Capacitor value 2.5nF

Frequency 60kHz

Stage 1
a4
R,
_ 0.6656
2 % 60k % 2.5n

Ry

R,=706.20

Stage 2

Cy % 4b

a?

c,

%

2.5n X 4% 04128

Geser - Z318nF

C, =3.2nF
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CI,ECZ i 'CIECZZ — 4biC1C2
R =

anf.C,C,
1.1402 x 3.2n — ,/(1.1402 X 3.2n)2 — 4 x 04128 x 2.5n X 3.2n
Rl1= = 5820
47 x 60k x 2.5n x 3.2n
i 1.1402 x 32n+ /(1.1402 x 3.2n)2 — 4 x 04128 x 2.5n x 3.2n i
- 4 x 60k x 2.5n x 3.2n -
Stage 3
€2 222 =83nF
C, = 8.4nF
i 0.6216 X 8.4n — ,/(0.6216 x 8.4n)2 — 4 x 03245 x 2.5n x 8.4n - 355
- 47 x 60k X 2.5n X 8.4n -
0.6216 x 8.4n+ /(06216 x 8.4n)2 — 4 x 0.3245 x 2.5n X 8.4n
R2 = = 3340

41 x 60k X 2.5n x 8.4n

R2

A
5820

R4

3250

Figure 12 - 5th Order Bessel filter
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. s T C—=s 1

Figure 13 - 5th order Bessel cut-off

Shows cut-off at 60KHz

200 kiz -32.544 08

Figure 14 - 5th order Bessel Roll-off measurement starting at 200KHz
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2 MHz -131.251 d8

Figure 15 - 5th Order Bessel roll-off measurement at 2MHz

Shows roll-off of -98.7dB/decade
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Butterworth
Butterworth coefficients

Table 16-5. Butterworth Coefficients

n i aj b ki = Q;
fcil fc

1 1 1.0000 0.0000 1.000 -

2 1 14142 1.0000 1.000 0.7

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 0.54
2 0.7654 1.0000 1.390 1.3

5 1 1.0000 0.0000 1.000 -
2 1.6180 1.0000 0.859 0.62
3 06180 1.0000 1.448 1.62

Figure 16 - Butterworth filter coefficients

Stage 1

a4
1

= 2mx 60k x2.5n

R,=1.06KQ
Stage 2
Cy; X 4b
Gz =
2.5n x4
= 618y = 3.819nF
C, = 3.82nF
CI,ECZ i ’CIECZZ - 4biC1C2
R =
4nf.C,C,
1= 1.618 x 3.82n — \/(1.618 x 3.82n)2 — 4 x 1 x 2.5n x 3.82n - 8520
N 4 x 60k x 2.5n % 3.82n N
1.618 x 3.82n + \/(1.618 X 3.82n)2 — 4 x 1 x 2.5n x 3.82n
R2 = = 8640

4m X 60k x 2.5n x 3.82n
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Stage 3

2.5n X 4
2 Geez = 26-18nF

\

C, = 27nF
a;C, + / a?C? — 4b,C, G,
= 411, C,C,

0.618 x 27n — ,f/(0.618 X 27n)> — 4 X 1 X 2.5n X 27n 710
- 47 x 60k X 2.5n x 27n -

0.618 x 27n+ /(0.618 x 27n)2 — 4 X 1 X 2.5n x 27n .

4m X 60k X 2.5n X 27n

c2
27nF
R4 RS u3
VA AAA
210 3850

CIOpAMP_3T VIRTUAL
2.5nH

AMP_3T_VIRTUAL

c50
2.5n|

£

Figure 17 - 5th Order Butterworth circuit
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Cut-off at -3dB, 59.981 KHz

59.981 kHz -3d8

oemearear

Figure 18 - 5th Order Butterworth filter cut-off
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Roll-off at -99.814dB / Decade.

By measuring the dB value at 150KHz, -39.814dB and comparing that value with the dB value at
1.5MHz (increase of 1decade), which is -139.614 the roll-ff value can be seen to be -99.814dB.

150 kbiz 39,814 d8 -+

Figure 19 - 5th Order Butterworth roll-off measurement at 150KHz

1.5 MHz -139.614 dB +

Figure 20 - 5th Order Butterworth Roll-off measurement at 1.5MHz
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Tschebyescheff (-1dB Ripple)

Stage 1

By Ee
17 2af.C,

_ 3.5711

T 2m x 60k x 2.5n

R,=3.78KQ

Stage 2

€, X 4b
a2

C, >

2.5n x 4x2.4896

2 e > 19.5nF
C, =20nF
CI;"CZ i ’afC’f - 4biCIC2
R =
4nf.C1C,
1.1280 x 20n — \/(1.1280 X 20n)2 — 4 x 24896 x 2.5n X 20n
R1 = = 5100
4m X 60k X 2.5n X 20n
1= 1.1280 x 20n+ \/(1.1280 X 20n)2 — 4 x 2.4896 x 2.5n X 20n — 6870
B 4 X 60k x 2.51 X 20n -
Stage 3
Cy X 4b
G2z =
2.5n % 4% 1.0814
W 2308.6?‘11‘7
C, = 320nF
a;C, + / aZC? — 4bhiC, G,
R =
4nf.C1Cy
1 0.1872 x 320n — \/(0.1872 X 320n)2 — 4 x 1 X 2.5n X 320n 92601
- 4w X 60k X 2.5n X 320n ST
0.1872 x 320n+ \/(0.1872 X 320n)2 — 4 x 1 X 2.5n X 320n
R1= = 1060

4w x 60k x 2.5n x 320n

20




CIOHAMP 3T _VIRTUAL
2.5nH

5100

6870

c2
11
"
320nF
R4 RS us
A
92,60

Figure 21 5th order Tschebyescheff filter coefficients

Cut-off at -3dB 59.614KHz

IAMP_3T_VIRTUAL

* 58.614 bz

-3.005 d8

Figure 22 - Cut-off
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g

Roll-off values taken at 100KHz and 1MHz, resulting in -104.965dB roll-off value.

100,744 iz

-38.319 d8

Figure 23 - Roll-off start measurement at 100kHz

1 MHz

-143.284 dB

Figure 24 - Roll-off end measurement at 1IMHz
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HIGH PASS BUTTERWORTH

The circuit design of the high pass Butterworth filter will be the same as the low pass filter, with the
exception of the inductor-capacitor layout. High-pass filters use a series capacitors and shunt
inductors, as illustrated in figure 25.

3" order high pass Butterworth

Stage 1
R1= L e . = 2.65KQ
- 2nf.Cay,  2m60k(1m)1
R2=—2 = ! =n/
T anfCch,  4meok(impo V¢
Stage 2
Rl= L e =53KQ
C2nf.Caqy 2m60k(1m)1
7T . R = 1.33KQ
" 4nf.Ch,  4m60k(1m)1
| XBP1 . . [
I IN ouT [
| g
fllahets]

R3
SRCA ST R R S 0
| . s e ey g
: 11 11 ot
1 I 2

R1.opAMP_3T_VIRTUAL
2.65kQ | T 25

R2 OPAMP_3T_VIRTUAL
o] SRR

Figure 25 3rd Order Butterworth High pass filter

Figure 26 shows the cut-off frequency at 60KHz as expected.
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- 60.117 kHz -2.999 dB +

Figure 26 - 3rd Order high pass Butterworth filer cut-off

The 3 order filter should result in -60dB roll-off, figures 27 & 28 show that this is correct. Simulated
value is -60.405dB.

- 995.395 Wz -106.802 da -

Figure 27 - 3rd order high pass Butterworth roll-off measurement

24




* 10.11 kHz -46.397 d8 -+

Figure 28 - 3rd Order high pass Butterworth Roll-off measurement at 10KHz
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6™ Order Butterworth

Stage 1
R1 - - 2746 0
T 2nf.€a;  w60k(1n)1.9319
2 ay 1.9319 95620,
" 4nf,Ch,  4m60k(1n)l
Stage 2
R1= L = : =3751Q
- 2nf.Ca;  2m60k(1n)1.4142
Rz 9 _ 14142 18750
T 4nf.Ch;  4m60k(1n)l
Stage 3
R1= 1 = : =10249 0
©2nf.Caq;  2m60k(1n)0.5176
5 a, 0.5176 o
T 4nf.Ch,  4m60k(1n)l
| XBP1 |
| T ‘J|
: N our| |
AENCT N |
I__|_i_1
: l|'
R3
AN RS
i : 25620 T;;‘;E 4 T
- 1Vpk 8680
[ )1kH= c2 c3 uz2
S e | ] ‘ jL j'L ok cs cé u3
L inF inF >— i + e
b ‘ = = nF nF l - CREERT I ,lkI i
; Rz ORAMP_3T_VIRTUAL " nF AnF - 1
:_fzmj Ra ojmp_.\r_vmwm.

9 Za7s1 |re o:tmn_n_wnrum

l i “10249
‘ 1

Figure 29 - 6th Order High pass Butterworth filter circuit
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Figure 30 shows the cut-off frequency to be 63KHz at -3dB.

Loas

* 63.122 kHz

Figure 30 - 6th Order high pass Butterworth cut-off
Figures 31 & 32 below show the simulated roll-off to be -120dB per decade, as expected.

Where -175.22dB - 55.037dB =-120.183dB.

-3 dB

{

+ 2 kHz

Figure 31 - Roll-off measurement start at 2KHz

-175.22 dB
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20 kHz

-55.037 d8

Figure 32 - Roll-off measurement at 20KHz
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9t order Butterworth

Stage 1
Rl1= L =26500
T 2nf.Cay  2m60k(1m)1
R2=—2 = ! =n/
T 4nfCb, 4me0k(1mpo ¢
Stage 2
R1 ! ! 28200
" 2nf.€a;  2m60k(1n)1.8794
Rz=—%  __ 1879 900
" 4nf.Ch,  4m60k(1n)l
Stage 3
Rl1= L ! =3460
C2nf.Ca,  2m60k(1n)1.5321
Rz=— 15321 000
© 4mf.Chy  4m60k(1n)1
Stage 4
R1= L ! = 53100
T 2nf.Ca;  2m60k(1n)1
R2= —2t _ = = 13300
T 4nf.Ch;  4m60k(1n)l
Stage 5
R1= Lo ! = 153000
C2nf.Caqy  2m60k(1n)0.3473
Rpo G _ 03473 4610
" 4nf.Chy,  4m60k(1n)1

29




At
24000 —— LY

L R L AT R 13300

c4 [

vyInF _’_’:: —! ‘I—‘t]““\ | L
/'u[\wpn. L" njnnp 3 wmuaj s = 5 ‘ _1!»|r_ _|!||r_ i —(|;——c|;—l m

L /}é!lﬂ 1;?6501 Ra ORAMP_IT_VIRTUAL

) W AnE  SAALEZS £
Zanaonl £ OPAMP_IT_VIRTUAL o
1 400 e n:}aun 3T VIRTUAL
? -?_ 310

i l 1 ]

Figure 33 - 9th Order high pass Butterworth filter circuit

Cut-off frequency simulated and confirmed to be 60KHz at -3dB, as shown in figure 34

* 60.026 kHz -2.999 dB -+

Figure 34 - Cut-off
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The roll-off for a 9t" order filter should be -180dB. This value is confirmed on the simulation shown in
figure 35 & 36. The roll-off is calculated to be -180.033dB.

L 4.5 kHz -202.477 dB -

Figure 35 - Roll-off start measurement at 4.5KHz

* 45 kHz -22.444 dB -+

Figure 36 - Roll-off measurement at 45KHz
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4. Testing and improving the design
The cascading filters cut-off frequency at -3dB should be 60KHz. The expected Roll-off for cascading
filters is -20dB per decade, per order, therefore a 5™ Order filter should exhibit -100dB/decade roll-
off. A 3™, 6% and 9™ order filter should exhibit -60dB, 120dB and 180dB respectively.

The circuits were simulated and the measured results compared to expected results, as seen in table
1 below.

Bessel Butterworth Tsc hebyesc heff
Sth Order Expected Actual Acceptable? | Expected Actual Acceptable? |Expected Actual Acceptable?
Cut-off
frequency @ -
3dB GOKHz 60.015KHZ Yes BOKHz 59.981KHz Yes GOKHz 59.614KHz Yos
Foll-off -100dB -98. 7dB Yes -100dB -59.814dB Yes -100dB -104.965dB Yes
Exponential decay Exponential decay Exponential decay Exponential decay
Gradual decay | Gradual decay after cut-off - no after cut-off - no after cut-of f with after cut-off with
Shape after cut-off | after cut-off yes peaking peaking yes pass band ripple pass band ripple yes
Pass-Band
charachteristic Mo ripple Mo ripple yes Mo Ripple No Ripple yes -1dB Ripple -1dB Ripple yes
Table 1 - Table of results
The figure below shows the response of the three-5th order low pass filters.
Bessel, Butterworth and Tschebeyscheff
20.00
0.00 &
'
\
-20.00
-40.00
-60.00
B -8000
E
@ -100.00
‘CJ
-120.00
-140.00 ==
A : ‘\.
160.00 e
¥
\
180.00 N
\
20000 |
1.00m 100.00m 10.00 1.00k 100.00k 10.00M 10.0

W2 Tschebayscheff EBusss zﬂmu'wu'n

Figure 37 - 5th order filters combined response
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Figure 38 shows the pass band response of the three-5th order low pass filters. It is clear from this
graph that the filters responded in cohesion with the published data, where the Tschebyescheff
shows pass band ripple, Bessel shows a gradual curve through pass band to cut-off and the
Butterworth is maximally flat.

Bessel, Butterworth and Tschebeyscheff
10

Gain (dB)

-10

-14

-18

13.878k 100.000k 134,687k

Bessel Butterworth

[

Bode Result

Ll [}

Tschebeyscheff

Figure 38 - Pass band characteristics of the 5th order low pass filters

Table 2 shows the 3", 6™ and 9™ order high-pass Butterworth results;

. Cut-off Roll-off
Butterworth high pass - -
Expected |Simulated |Expected [Simulated
3rd Order 60KHz 60.117KHz |-60dB -60.405dB
6th order 60KHz 63.122KHz [-120dB  [-120.183dB
9th order 60KHz 60.026KHZ [-180dB  [-180.033dB

Figure 39 - Butterworth high pass filters results
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5. Conclusion

The filters were designed, tested and simulated, using published filter coefficients and filter design
methods, including the Sallen-key unity gain topology. A wealth of knowledge has been gained
through conducting in-depth research into filter properties, characteristics, behaviour and
utilisation.

Noise filtering forms an integral part of many electronic systems, such as process control, audio,
audio/visual and radio frequency systems. Without filtering, many of these systems will simply not
be able to function in a usable manner.

The cascading low pass filters, were designed as 5 order filters, where the cut-off and roll-off
measured by simulation the circuits on multisim, the results were compared to published results and
found to be correct, there the roll-off for each cascading filter increased by-20dB to give the 5™
order roll-off at -100dB.

The filter response characteristics in the pass band and dead band were investigated and the
following conclusions were made; the Bessel filter showed a gradual or slow transition between
pass-band and stop-band, whereas the Butterworth show a very flat transition through the pass-
band and steep roll-off. The Tschebyescheff, in contrast to the other two filters, showed pass-band
ripple, with very steep roll-off.

The high pass Butterworth filters behaved as expected, with the same amount of roll-off per filter as
low-pass filters. The 3, 6" and 9" order high-pass filters had -60dB, -12dB and -180dB roll-off
respectively with transition through pass-band, as expected.

Overall, this assignment can be deemed to have been successful, as the aims and objectives have
been achieved.
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structure and clear calculations.
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