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1. Active Filter Research

Filters are electronic circuits that alter a signal as such to remove a portion of the frequency and only
allow a specific frequency band range through. This can be done passively — either without active
components, or actively. As stated in A Basic Introduction to Filters; “A filter is an electrical network
that alters the amplitude and/or phase characteristics of a signal with respect to frequency.”
(Lacanette, 1991, p. 1) The frequency range itself is not changed through addition of new
frequencies but instead filter out unwanted portions of the signal.

A filter's performance concerning frequencies can be explained in the form of a transfer function
and is described as, the ratio of the Laplace transforms of its output and input signals. Similar to
gain, the magnitude of this function tells us how the circuit will affect sine waves at different
frequencies. (Lacanette, 1991)
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Figure 1 shows a diagram taken from A Basic Introduction to Fifters, it shows how two different input
frequencies are modified by the filter to produce a desired output. The f; frequency is suppressed as
the filter characteristics suggest very little gain within that frequency range. For f;, the gain is 1 and
so the output signal amplitude within that frequency range is identical to the input.

Filters are classed by order, with higher order filters being able to cut off at a sharper angle and the
separation between wanted and unwanted frequency ranges more distinct. Typically, higher order
systems have more resistor/capacitor/inductor banks in series as the order increases down the line.

There are several different types of filter designs; three of the most common are Bessel, Butterworth
and Tchebyecheff, for all of these, a -3dB cut off frequency is specified. The can have different
classes, such as:

e Low pass — Allows lower frequencies to pass while attenuating those higher.

e High pass — Opposite of a low pass, allowing higher frequencies.

e Band pass — Allows a narrow frequency band through, while rejecting those either side of
the band.

e Notch — Attenuates a narrow band of frequencies but allows those either side, opposite of a
band pass.

e Phase shift — Does not reject any frequencies, but instead shifts the phase of the signal.

Butterworth
The most common of all these is the Butterworth design as it has a predictable ‘maximally-flat’
response with no ripples.

With the Butterworth low pass filter design, after the -3dB point, the drop off is 20dB per decade.
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Figure 2 shows the drop off curves for a Butterworth low
pass filter. The drop off occurs at the -3dB point and
sharply declines the greater the order (n).

There are no ripples associated with this design and the
roll off is relatively flat and predictable, the reason why
this is the most popular type of filter.

As explained in Bessel RF Filter Basics, Bessel filters are
different from Butterworth filters most notably by the roll off
rate being a lot smoother and not a sharp cut off. This also
means that there is a longer time between cut off and there
is no overshoot. (Poole, Radio-electronics)

Tschebyecheff filter design offers a much sharper roll off at
higher orders whereas at lower orders it is much more
gradual. When designing a Tschebyecheff filter, the
coefficients become increasingly extreme with each order.
This swings the resistor values very low and very high making
it a tougher filter to design than the others. The trade-off for
this steep roll off is that there is increased ripple or
differences in response
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The design of these filters is in keeping with the Sallen-key topology; a benefit of these active filter
circuit designs is that they can be combined to produce higher order filters. They also have gain,
whereas a passive filter design does not.
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Figure 10

Shown above in figure 10 is a 5th order Bessel low pass filter of Sallen-Key design combining a first
order and two second order circuits. Coefficients taken from each design’s table are used for
calculating the resistor and some capacitor values.

Filter applications

Frequency modulation radios use band pass filters to select the frequency range of the desired radio
station. The adjustment dial is a variable capacitor, which varies the band that the filter is allowing to
pass, rejecting all others. As explained on electronicshub. “Due to its maximum flat pass band nature
it is used as anti-aliasing filter in data converter applications.” (Electronicshub, 2015)

Anti-aliasing involves using a band pass filter to process a signal leaving only a desired bandwidth.

“An ideal anti-alias filter passes all the appropriate input frequencies (below f1) and cuts off all the
undesired frequencies (above f1).” (National Instruments, 2000) This explains why the Butterworth
filter provides the most effective cut off at the f1 and f2 frequencies due to the flat roll off.
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2. Filter Design and Testing

Bessel Low Pass Filter 5 Order

Figure 11 shows the 5" order low pass filter of Bessel type designed on multisim software.
| | |
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Figure 11

The following calculations determined component values for the filter.

1* stage:

a, 0.6656 _
Ri= 210y Ry= 2mx100kx500pF 2118Q
2™ stage:

2
3Gk [a,7Co%~4b1C1C; R. . — (11402)(700pF)+/(1.1402%)(700pF2)~4(0 #128)(S00pF) (700pF)
2Tf.C1Cs 12 27100k X (500 pF)(700pF)

Ry, =
Ry =1.26kQ Ry = 2.37kQ
3 stage:

a,Cat ||a12c:22-4b,c,c2 R
1,2

2mfeCyCy
(0.6216)(1679.7pF)+/(0.62162)(1679.7pF2)—4(0.3245)(500pF)(1679.7pF)
2mx100kx(500pF)(1679.7pF)

Riz =

R1=9850 R2=9940
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Bessel Filter
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The above test shown in figure 12 was performed as a decade test — It can be seen that dy drops
97.8 in magnitude between 272kHz and 2.72MHz. This test is successful because the 5*" order filter
designed should be 5 x 20 = 100dB difference for the decade test in theory.
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This next test in figure 13 is to check that the frequency is 100kHz at the -3dB limit, it is shown to be
this when running a transient sweep, proving that calculations are correct. As it can be seen at
roughly -3Db the frequency is 99.76kHz.

The bode plot for the Bessel filter ties in with the theory as the initial roll off is smooth before it
declines at a relatively linear rate sticking to the 100dB drop in magnitude per frequency decade.
The drop can be seen to mimic the diagram for 5" order Bessel in the theory.
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Tschebyescheff -3dB Low Pass Filter 51" Order

Below in figure 14 shows the Tschebyescheff -3dB low pass filter designed on multisim as a three
stage 5'" order filter.
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The following calculations determined component values for the filter.

1% stage:

a, 4.6345 _
Ri= 210y Ry= 2mx100kx1000pF 73764
2™ stage:

Z 2
R = a;cﬁ"aﬁ@ —4b1C1C2 R, — (0.909)(12.611F)+,/(0.9092)(12.61nF2)—4(2.6036)(1nF)(12.61nF)
12 = =

21f,C,C; 12 2% 100kx(1nF)(12.61nF)
R1=7080Q R2= 7390
3 stage:
a0t 'ﬂ12":22""f’1f1fz
Riz= 2nfeCiCy Rz =

(0.1434)(209.107nF)+,/(0.14342)(209.107nF2)—4(1.0750)(1nF)(209.107nF)
2mx100kx(1nF)(209.107nF)

R1=114.1130 R,=114.1140
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Above in figure 15 shows the AC sweep for the Tschebyescheff -2dB low pass filter. The test
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performed is the decade test to ensure that the decibel drop is adequate for the 5'" order filter. As

can be seen it is around 100dB with the step change from 177kHz to 177MHz.
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The above figure 16 shows the frequency being checked at the -3dB point, as shown it is about
95kHz at -3dB which is close to the target 100kHz to which the filter is designed. The resulting roll off
is not as flat as the Butterworth filter and explains why this type of filter is not used in anti-aliasing
applications.
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Butterworth Low Pass Filter 5 Order

Figure 17 below shows the 5" order Butterworth low pass filter configuration on Multisim.

Figure 17 ¢4
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The following calculations determined component values for the filter.

1 stage:

R4  R_—2 ___—31830
27feCy 2100k X500pF

2" stage:

R 1Ca%,[a1%C,%~4b1C1C, R.. — (1.618)(800pF)++/(1.618%)(800pF2)—4(1)(500pF)(800pF)
1,2 -

2z 2MfC1Cp Lz 2mx100kx(500pF)(800pF)

R1=2028.5Q R;=3121.6Q

3" stage:

2 z
162 [a,2Co%~4b1€1C; R, = (0.618)(5.239nF)+,/(0.6182)(5.239n F2)—4(1)(500pF)(5.239nF)
12 =

Rip = 210f,C, C; . 2% 100kx (500pF)(5.239nF
c-1%-2

R1=962Q R2=10040
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Above in figure 18 is the screenshot for the AC sweep of the Butterworth low pass filter. The
frequency check is being performed and it can be seen that it is 100kHz at -3dB which ties into the
design.
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Figure 18 Fruener )

The above figure 19 shows the decade test being performed, with the drop of 100dB when the
frequncy is reduced tenfold. The results shown are expected of a 5" order filter. The flat curve of the
Butterworth roll off ties into the theory and is exactly why this filter design proves so popular.
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Butterworth High Pass 3" Order

+
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© PR1

The above figure 20 shows the circuit configuration on Multisim for the Butterworth high pass 3"

order filter.

The following calculations were performed to achieve the component values.

1% stage:
1 1
-—— Ri-———— = 3183Q
1= 2nf.a4Cy 1= 2mx100kx1.0x500pF
2™ stage:
1 1
= — Ri=————— = 63660
1= nfea,cy 1= 7% 100k x1x500pF
a 1
R,.—— R,o———  — =15910
2= amfob,C, 2= 47rx100kx1.0X500pF
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Figure 22 AC SweeR’ - Curser B
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Above in figure 21 shows the -3dB frequency test carried out on Multisim, it can be seen that it is
100kHz at this point. This characteristic ties into the theory for high pass filters as it is allowing the
higher frequency band to pass through unhindered.

File Edit View Graph| Trace Cursor Legend Tools

Help

SBRoxBRgERE A QQ T@E&@AY| A xch BB

ACSweep ACSweep |

Butterworth Filter High Pass 3rd

- AC Sweep -
50
% ,—a--/.-f‘ h
-50-
S 100, e ol
2 e
% 150 g
-250 e
-30054
-350 |
1 10 100 1k 10k 100k ™ 10M
Frequency (Hz)
Vi) .
Wdvpr) V(8)
_ V(PR1)
-50
,1{_“],“ = i b x1 1.0000
T vl -300.0036
30| "’\\ x2 100. 6046k
= 2 \ y2 -2.9577
@ dx 100. 6036k
T 200 \ dy 297.0459
. A dy/dx 2,8526m
g 2301 1/dx 9.9400n
300 N
\*“--.
-350 [
-400
1 10 100 1k 10k 100k ™ 10M
Frequency (Hz)

vis) )
}EV{PRI} Figure 21

T

12




Daniel Ince

The above figure 22 shows the decade test for the 3" order high pass Butterworth filter. It can be
observed that there is a difference of 60dB in magnitude from 50kHz down to 5kHz. This ties in with

the 20dB per order rule.
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Butterworth High Pass 6™ Order

R3

Vidy
3074,70)

Each stage is a second order stage as the first stage does not need to be a first order.

The calculations to achieve the circuit values are as follows.

1% stage:

1
1= nrasc,

1
R | —
2= 4 fea,Cy

2™ stage:

1
1=
T feasCq

a1
R,_—%
2= 4mfobycy

3" stage:

1
1=
TfeayCy

ay
2= 4mfebiCy

14

1

R, = 32950
X100k X1.9319X500pF
1.9319
R= 4TX100kX1X500pF 3074.7Q
R, ! = 4501.6Q
Tx100kx1.4142x500pF
Rpe —2 ____ _ 22500
4mrx100kx1.0x500pF
1
R, - TX100k%1.4142X500pF 12299.45Q
Rpe —— 22 ___ _ 8237850
4mx100kx1.0x500pF
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Figure 24 below shows the decade test carried out at 5k and 50kHz, a difference of 120dB in
magnitude can be observed, with 6 times 20dB equalling 120dB as seen in ‘dy’.
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Figure 25 below shows the -3dB limit 100kHz frequency test which is successful as shown by x2’.
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Butterworth High Pass 9" Order
Figure 26
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The above figure 26 shows the circuit design on multisim for the 9'" order filter.
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The 100kHz frequency test is performed and is shown to be within tolerance in figure 27 at -3dB.
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Figure 28
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In figure 28, roughly 170dB difference is seen when performing the decade test, this is true for a 9"
order filter as 9 x 20dB = 180dB. The reason for the slightly off result on the decade test, 170dB
versus 180db, is most likely due to the final resistor values on the last (5'") stage. The target of the
resistor values being between 1k and 10k Ohms is missed slightly. However, for the other
component values chosen, they are the best possible values without altering the value for C1 across

the entire filter.

In order to calculate the values for the 9" order filter, values for ‘a’ and ‘b’ were taken from the
appropriate Butterworth table for this order.

1% stage:
1 1
1= 2nf.a,.C4 R, - 2mX100kX1.0X500pF 31830
2™ stage:
1 1
_— Ri= = 3387Q
1= nfralCy 1= rx100k x1.8794 X 500pF
a 1.8794
3e———  Rpe————— =129910
4mfobyCy 4% 100k XLOX500pF
3 stage:
1 1
Ri=—m— Ri= = 41550
1= ar.a,0, 1= 7%100kx1.5321%500pF
a 1.5321
Ry —2— R, —— = 2438.40
2= 4mfibiCy 2= 4rx100kx 1.0X500pF
4" stage:
 J— R . = 6366.19Q
1= nfea,cy 1= 7x100kx1.0x500pF '
a 1.0
Ry —— Ry ————— = 1591.550
2= amfob,C, 2= 4% 100k X 1.0X500pF
5t stage:
-— Ry L = 18330.50Q
= mf.a,Cy = 7x100kx0.3473x500pF
a 03473
R)e—— R, ——————— =15520Q
2= 4 fobyCy 2= 47100k x1.0x500pF

17




Daniel Ince

3. Conclusions

It is evident with increasing the Butterworth high pass filter order, that the values for the resistors
become more extreme with each stage. At these higher stages, the smallest adjustment to
component values throws the resulting calculations out massively. Tuning a circuit to achieve a high
order filter will be much more difficult using the Tschebycheff design, as oppose to Butterworth or
Bessel.

When evaluating the test results as the order increases, the magnitude of the filter moves in
accordance. For example, the 3" order high pass Butterworth filter has a magnitude which changes
from -300 to 0dB across 0 to 100kHz. The 6" order magnitude is -600 to Odb across the same
frequency range, and for the 9" order it is -900 to 0. This means that if the scale of these graphs was
to be set to the same, the roll off would be getting steeper across the same frequency range as the
order increases. A higher rate of roll off is desirable as it suppresses the unwanted frequency range
to a higher extent than those filters of a lower order.

Out of all three filter designs, the Butterworth presents the flattest roll off curve, with the Bessel
curve being almost as flat but with a smoother roll off, the Tschebycheff roll off features more ripple
at the beginning, but steeply rolls off at a non-linear rate. The results of the test prove this and tie
into the theory. All filters still maintain the 20db/Decade per order when analysing the attenuation
curves.
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GRADING FORM: CSG-RUBIC

DANIEL INCE

75

RESEARCH-INFORMED LITERATURE

(

y‘ There was evidence of extensive further reading
and research from credible and reliable sources.
Your interpretation and understanding of the
additional research was very good and
demonstrated a deep underlying appreciation of the
subject. Your references were appropriate to the
task and your reference list was of an appropriate
length for this assignment.

KNOWLEDGE AND UNDERSTANDING

(

y‘ The knowledge and understanding of the subject
demonstrated by this assignment was generally
good. There were very few gaps in your knowledge
of the basic principles and your understanding of
the higher level concepts was demonstrated. You
could have explained in more detail how the circuit
evolved and the design process for how the overall
system evolved.

ANALYSIS

24

(

y‘ Your explanation of the experiment was good,
however the conclusions lacked some detail. You
could have evaluated the results in more detail and

12




specified whether they concurred with theory
suggesting reasons for any discrepancies. You have
however demonstrated good analytical skills and
your approach to the task was logical. Further work
— in your conclusion, you should relate the results
to the original specification and to accepted theory.

PRACTICAL APPLICATION AND DEP.

(

y‘ Your application of practical skills for this task was
generally very good. You used the resources
available in MultiSim appropriately when designing
the circuit and you used appropriate options for
testing and evaluating the circuit performance. You
managed to design an efficient circuit that
functioned within the specification and achieved this
by only asking for assistance when appropriate.
Your results were comprehensive and allowed for a
good conclusion to be attempted.

SKILLS FOR PROFESSIONAL PRAC.

(

y‘ In this assignment you have demonstrated skills in
working individually and also collaboratively. Your
written report was of an appropriate length, you
could however be more efficient with your word
count. The report was well presented, with good
diagrams in appropriate places, good
sentence/paragraph structure and clear calculations.
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