(infineon

Please note that Cypress is an Infineon Technologies Company.

The document following this cover page is marked as “Cypress” document as this is the
company that originally developed the product. Please note that Infineon will continue
to offer the product to new and existing customers as part of the Infineon product

portfolio.

Continuity of document content

The fact that Infineon offers the following product as part of the Infineon product
portfolio does not lead to any changes to this document. Future revisions will occur
when appropriate, and any changes will be set out on the document history page.

Continuity of ordering part numbers

Infineon continues to support existing part numbers. Please continue to use the
ordering part numbers listed in the datasheet for ordering.

www.infineon.com



o CYPRESS

- EMBEDDED IN TOMORROW™

ANZ2168

PSoC® 1 Understanding Switched Capacitor Filters

Author: Dave Van Ess
Associated Project: Yes

Associated Part Family: CY8C23x33,CY8C24xxx, CY8C27x43,28xxXX,29x66
Software Version: PSoC® Designer™

Related Application Notes: AN2041

AN2168 presents the theory behind switched capacitor filters, and provides guidelines and examples for
implementing these filters in PSoC 1 devices. Filters discussed include low pass, band pass, high pass, notch, and
elliptical. Example projects for each type of filter are provided.
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1 Introduction

A filter is a device that passes or rejects certain frequencies of a signal. Four common types of filters are:

® | ow pass filter
®m  Band pass filter
m  High pass filter

m  Notch filter

All these filters can be built using PSoC switched capacitor blocks. For a better understanding of switched capacitor
blocks in general, see Application Note AN2041 “Understanding Switched Capacitor Blocks.”

2 Filter Basics 101

The basic building block of second order filters is the second order universal filter transfer function. It is defined in
Equation 1.

2
S S
h.|—| +h | ——|+h
H(s) = hp{hfoj b{z’lfoj ? Equation 1

2
S (U |
27, 2,

Five variables (hnp, hop, hip, d, and fo) allow construction of all filters types. The definition of each is given below.
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2.1 Roll Off Frequency (fo)
This is the frequency where the “s” terms start to dominate. Frequencies below these values are considered “low,”
above this value are considered hlgh and around this value are considered in “band.”

2.1.1 Damping (d)

Damping is a measure of how a filter transitions from lower frequencies to higher frequencies. It is an index of the filter's
tendency to oscillate. Practical damping values range from 0 to 2. Table 1 shows the performance for different damping
values.

Table 1.Damping Values vs. Filter Performance

Damping Value Filter Performance
d<o0 Unstable
d=0 Oscillator
d=1.414 Critically damped
d=2 Fully damped
d>2 Excessively damped

2.1.2 High Pass Coefficient (hnp)
This is the coefficient of the numerator that dominates for frequencies greater than fo.

2.1.3 Band Pass Coefficient (hbp)
This is the coefficient of the numerator that dominates for frequencies near fo.

2.1.4 Low Pass Coefficient (hip)
This is the coefficient of the numerator that dominates for frequencies lower than fo.

These second order filter stages can be cascaded to produce higher order filters. Use the spreadsheet, FilterPlot.xls,
to experiment with different combinations of these five variables and view the response. It is located in the project file
associated with this Application Note.

3 PSoC Switched Capacitor Universal Two Pole Filter

This section explains the detailed interworking and theory of switched capacitor filters, and how they are implemented
in PSoC 1.

A topology for a state variable (bi-quad) switched capacitor filter is shown in Figure 1.
Figure 1. PSoC Bi-quad Filter

out2

This bi-quad filter can be built with two switched capacitor blocks. They are both clocked with the same sample
frequency, fs. Equations 2 and 3 define the discrete time circuit operation of this filter.

_ C C g C .
Voutl =Vout12 LoV, -V 2 (VoutZ _Voutzz 1) (V.n )—4 Equation 2

in C_A out2 C_A - CA
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Co

CB

zt+v ozt

outl

V,

out2

C 4
:Voutz C73 - (Vin _Vin z )
B Equation 3

Equations 2 and 3 are used to solve the transfer functions in Equations 4 and 5.

Vo — ZZCBCp +22C,C, - 2°C,C, -CgC, +2C,C, + ZZCppC2 + zZCppC4 -2:¢,C,-2C,C,+C C,
Vi, - z°c,C, -2zC,C, +2C,C,+2C,C,-C,C,+C,+C,
Equation 4
2
Vo _ ZZCppCA -2:C,C,+C,C,+2C C,-C C,+2C,C, Equation 5
v,, z°C,C,-2:C,C,+:C,C,+:2C,C,-C,C,+C;+C,

Applying the bilinear transform given in Equation 6 to transform Equations 4 and 5 results in the Laplace transfer
Equations 7 and 8.

S
l+—2f
=——3 Equation 6
S
21,
C * ¢cc
w8 l+s(4+1J +- P B[SJ + 2 BS{1+SJ _
s T f, \C, C,C, | f, C,C, f, 2 f, Equation 7
H (S)outpull == 2
[CBCA _1C4_1J Sj +&i+1
c,C, 2C, 4)f, ) c,f,
2 2
CaCa(s) Cos(; s| Gl 1fs
cC, \f.) ¢, f. 1) c,| alt,
H(S)outputz == 2
[CBCA 1C:41J(s] +&i+1
GG, 2C, 4N, C, 1, Equation 8

Note that the denominators for both Equations 7 and 8 are identical. This means the roll off frequency and damping
values are identical for both outputs. Using Equation 1 as a template, the roll off frequency is shown in Equation 9

f _ fs VC2C3
0=
2z 1C, 1
\/CACB —Eé—zczcg

Equation 9

Note that the roll off frequency is directly proportional to the sample frequency. This is a feature of switched capacitor
filters. A minor change in the sample frequency changes the roll off frequency. Equation 10 defines the over sample
ratio as being the ratio of these two frequencies.

\/CACB

For example, a 5 kHz filter that is sampled at 250 kHz is said to have an over sample ratio of 50. Changing the roll off
to 3.7 kHz only requires that the sample frequency be changed to 50 * 3.7 kHz or 185 kHz. Again, using Equation 1 as
a template and using the solution for foin Equation 9, the damping value is shown in Equation 11.

Equation 10

Oversample = % =2
0
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d= C, & Equation 11
1C, 1
C.Cp—->2-=CC, ' 7
\/ A~B 2C3 23

The high pass coefficient for the first output, from Equation 7, is extracted and shown in Equation 12.

C,Cq

1 1
CiCs =, C:C. =, C:Cs

hhpl ==

Equation 12

Again, from Equation 7, the band pass coefficient is extracted. For reasons that will later become clear, this coefficient
divided by the damping value is shown in Equation 13.

CCely 15
%__Czcs 2 f ~_C1CB

d C, ~ C,C,
CZ

Equation 13

From Equation 8, the high pass, band pass, and low pass coefficients for the second output are extracted and shown
in Equations 14, 15, and 16.

C,Ca

h . =— Equation 14
hp2 — 1 1
C:C, _EC3C4 _ZC2C3
Cp(l_SJ
hyy, = — G f, ~ _& Equation 15
i 7 C,
CZ
C 1(s)) c
w2
2 ° 2 Equation 16

Note that each coefficient is directly proportional to C1, Cp or Cpp. Also note that none of these values are used to
determine the roll off frequency and damping value.

Simple Rules for Filter Design

There are three steps to design a PSoC switched capacitor filter. They are:
1. Determine the roll off frequency, damping value and pass coefficients for the desired filter.

2. Using Equations 9 and 11, determine the values required for C2, C3, C4, CA and Csfor the desired roll off frequency
foand damping value d.

3. Using Equations 12 through 16, set the appropriate values to Cz1, Cp and Cpp to meet the desired pass coefficients.
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5 FilterCalc

FilterCalc.exe is a program to calculate all combinations of capacitor values that result in an acceptable roll off frequency
and damping value. It is located in the project file associated with this Application Note. When the program is run, it will
prompt you for the following information:

Output file name

Damping value

Damping tolerance

The desired roll off frequency
Roll off tolerance

Column clock (4x fs)

The program then calculates all combinations of the capacitors that meet these requirements. The acceptable
combinations, if any, are written to the output file. The program also outputs to the terminal indicating the number of
acceptable solutions.

For example, Figure 2 shows the terminal count given the following input:

Output file is “test.csv”
d=1.414 +/- 5%

fo=5 kHz +/- 5%

fs = 250 kHz (fcolumnciock = 1 MHZ)

Figure 2. Monitor for FilterCalc

C\Documents and Setti

Output File Hame test._csu

Damping Value = 1.414

Damping tolerance <(in percent?>= 5§
f@ in (Hz>»= 588

fA tolerence ¢(in percentl= 5
Column Clock <in Hz)>= 108060004

4 [ v

The program finds 18 solutions that meet the input constraints. Because the output file has a “.csv” extension it can be
viewed with a spread sheet. It is shown in Figure 3. Any of these 18 solutions are acceptable. The user can decide
which best meets their specific requirements.
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Figure 3. FilterCalc Generated Spreadsheet

_lalx]
J File Edit View Insert Format Tools Data Window Help ;IEIL“
DEE SR B o- &= A8l -5 2= 2
A2 - =| FO
A | B Jc|pJE[F] & [ H [ I [ J |
1 |Dampin 1414 =
2 |F0 5000
| 3 |Column Clock | 1000000
| 4 | c2 C3 |C4 Ca |Ch damping |d Error 0 0 Error
| 5 | 11412 32| 32) 1.4672) 3.76% 4864.86 -2.70%
| 6 | 115 11 32 320 1.3912 -1.61% 5032.25 0.65%
| 7 | 116/ 11 32 320 14413 1.93% 52133 4.2T%
| 8 | 2 T 2332 32) 14035/-0.75% 48558 -2.88%
ER 2 T 2432 32 1.4672| 3.76% 4864.86 -2.70%
| 10 28 2132 32 1.3728|-2.91% 520215 4.04%
| 11 2 8 2232 32 14413] 1.93% 52133 427T%
| 12| 1 712 32/ 16) 14672 3.76% 4864.86 -2.70%
| 13| 1 8 11 3216 14413 1.93% 52133 4.2T%
| 14| 2 4 2132 16 1.3728|-2.91% 5202.15) 4.04%
| 15| 2 42232 16) 1.4413] 1.93% 52133 427T%
| 16| 1 71216/ 32) 14672 3.76% 4864.86 -2.70%
| 17| 1 8 1116/ 320 14413 1.93% 52133 4.2T%
| 18| 2 4 2116 32) 1.3728|-2.91% 520215 4.04%
| 19 2 42216 32) 14413] 1.93% 52133 427%
| 20| 1 4/ 1116/ 16 1.4413) 1.93% 52133 4.2T%
| 21| 2 22116 16/ 1.3728|-2.91% 520215 4.04%
| 22 | 2 2 2216 16 14413] 1.93% 52133 4.27T%
23 bl
4[4 [» [p] test |« Llj_‘

Ready I | N S T

The rest of this Application Note will deal in the specifics for each type of filter.

6 Low Pass Filter

A low pass filter allows the passing of signals from DC up to some cutoff frequency, fcutofr. The transfer equation for a
two-pole low pass filter is given in Equation 17.

hlp Equation 17

H (s)lp =

2
S S

+d +1
27, 27,

A plot of a typical low pass filter is shown in Figure 4.

Figure 4. FilterPlot-Generated Low Pass Filter

Universal 2 Pole Low PassFilter Amplitude Plot

40

20

o N\
-40
-60 \\
-80
0.01 0.1 1 10 100
Relative f,

This plot and Table 1 show that the response is relatively flat for frequencies less than f0. For frequencies greater than
f0, the signal falls off as the square of the frequency. At fO the output is attenuated by the damping value.
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Table 2. Selected Points on Low Pass Transfer Function

Condition
s/2mf0 =0
s/2mf0 = 1/10
s/2mfo =1

Gain
H(s)lp = hip
H(s)lp = hip
H(s)lp = hip/d
H(s)lp = hlp/102 s/2mf0 = 10
H(s)lp = hlp/1002 s/21f0 = 100
Note that the cut off frequency, feutoff, is defined as the frequency where the output is attenuated by 3 dB. It is not

necessarily equal to fo. Fortunately, many filter reference books have tables with the necessary roll off and damping
values calculated for different types and orders of filters ).

The transfer function shown in Equation 17 can be made by taking the Voutz transfer Equation 8 and setting Cp and Cpp
to zero. The low pass coefficient is shown in Equation 18.

Equation 18
The topology for a PSoC switched capacitor low pass filter in shown in Figure 5.

Figure 5. PSoC Two-Pole Low Pass Filter
—
c2

I

5

CA

T e
Py

This is the topology used to implement the LPF2 User Module.

[
|

Vin 73

o
)

B Vo
| oo

Low Pass Filter Example

The goal of this example is to construct the following filter:

m  Two pole Bessel low pass filter

m  Cut off frequency of 5 kHz
®  An over sample ratio of 50 (fs = 250 kHz)
= Unity gain

Standard tables from filter reference books@show that the filter is constructed with:

m  fo=1.274*5kHz = 6,370 kHz

d=1.732
The following figure shows the FilterCalc monitor.

WWW.CYp
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Figure 6. FilterCalc for Low Pass Example

C\Documents and Se

lumn

= 1.732

Clock <in

Hz>= 196080608

gz Enter to continue_

mping tolerance ¢in percent)= 2.5
in (Hz>= 6378
tolerence <in percent)= 2.5

AV

Figure 7. Bessel Example Solutions

There are 13 solutions that meet the design constraints. Figure 7 is the spreadsheet that lists them.

_inlx]
J File Edit View Insert Format Tools Data Window Help ;|§|5||
DR ek Brd v-@=s8l@o: -8 2= 2
B14 ~| =2
A | B |c[pJEJF] ¢ [ H [ 1 [ J |5
| 1 |Damping 1.732 —
| 2 |[FO 6370
| 3 |Column Clock 1000000
EX c2 C3 C4 |Ca Ch damping d Error f0
ER 122 1132 32 1.7222 -0.57% 6229.52
| 6 |smallest 0 error 123 1132 320 1.7666 2.00% 6390.03
| 7 |smallest d error 211 22 32 32 17222 0.57% 6229.52
| 8 | 212/ 21 32 320 1.7223 -0.56% 6526.55
| 9 |largest C2 value 3 8 31 32 320 16931 -2.25% 6519.25
| 10 111 1132 16 1.7222 -0.57% 6229.52
| 11 2 621 32 16 1.7223 -0.56% 6526.55
| 12| 3 4 31 32 16) 1.6931 -2.25% 6519.25
| 13 | 111 1116/ 32 1.7222 -0.57% 6229.52
14 I 2! 6 21 16 32 1.7223 -0.56% 6526.55
| 15 | 3 4 31 16 32 1.6931 -2.25% 6519.25
| 16 | 2 32116 16 1.7223 -0.56% 6526.55
| 17 | 3 2 31 16 16/ 1.6931 -2.25% 6519.25
l[«]»[oi]\BesselExample 4]
Ready e |

Any of these solutions meet the requirements. If a solution with the smallest roll off error is important, then the row 6
solution would be best. If the smallest damping error is important, the row 7 solution is best. If the largest value of C2is
important, then choose the row 9 solution. (To reduce DC offset error caused by charge injection from the switches, it
is desirable to keep the value of C2 as high possible). For this example, the solution in row 9 is selected.

A value for C1 can be calculated using Equation 18. For unity gain, C1 must equal to C2.The user module parameters
are shown in Figure 8.

WWW.CYpress.com
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Figure 8. Bessel Filter Parameters

Parameters - LPF2_1 ﬂ

LPF2_1
User Module LPF2
Version 3.00
C1 3
c2 3
c3 2
c4 K1l
CA 32
CB 32
Input ACBOO
AnalogBus AnalogOutBus_1
CompBus DISABLE
Polarity Inverting
Modulator Clock | Mone
Mame
Indicates the name used to identify this User
Module instance

The user module placement is shown in Figure 9.

Figure 9.Bessel Example Block Placement

L1 -
Port_0_1
‘ ‘ LY Part_0_1 Port_0_4

ACBO1

Comparator 0
Comparator 1

ASD20 ASC21

ﬁo E Quf 1 E
Port_0_5 S

Figure 10 is a spectral plot for the filter.
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Figure 10. Spectral Plot for Bessel50x Filter
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Examination of the plot shows that the signal is down 3 dB around 5 kHz.

8 Low Pass Filters, the Easy Method

The earlier method was a lot of work to calculate a single set of filter values. Cypress has provided a more automated
solution. From PSoC Designer, go to Help >> Documentation >>Filter Design. Figure 11 shows the spreadsheets

available

Figure 11. Filter Design Spreadsheets

Look in: IbFilter Design j G ? % -

2|x]

My Recert
Documents

@.

Desktop

3 PF4 Design.xls
B4ELPF2 Design 2. 1.xls
B4\ ELPF4 Design 2.3.xls
B4 LPF2 Design.xls

28| LPF4 Design. s

4

My Documents

File name: I j

Files of type: | Al Files (77) |

Places
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F3 Microsoft Excel - LPF2 Design.xls

Figure 12. Two-Pole Low Pass Filter Design Spreadsheet

J File Edit Wiew Insert Forrmat Tools Data Window Help

DesdaR e o-@= A8 Mmow: -@ 7|a -0 < |B 7 U|
F10 | =0
A B [ c | B | E [ F gl 1 [ 0 | K [ L [ m M 0 =

| 1 | Cypress MicroSystems 1 Pole Pair Low Pass Filter Design, Rev 2.1 Design Procedure i
| 2 | |Design Requirements Enter Data fields in yellow
| 3 | |[Enter: Corner Frequency (Hz) 5000.0 \erify calculated Cx parameters in range of 1:31
| 4 | |Enter: Gain (dB) 0.00 Verify calculated "d" matches designed "d”
| 5| sample freg 250000.00 \Verify calculated comer frequency matches designed value
| 6 | |Enter0or1: Type Butterworth ) 0 Adjust plot scales as necessary
| 7 | |[Enter0or1: .1dB Cheb. ) 0 Transfer values for C1,C2,C3.C4,CA.CB User Module Parameter Table

8 | |[Enter 0 or 1: 1.dB Cheb. ) 0 Select clock source and dividers (24V1.2 or dig block), set for div by n
| 9 | |Enter 0 or 1: Bessel A 1
E Enter 0 or 1: Custom Complex Poles] 0
| 11| [Enter 0 or 1: Custom Real Poles 0
E Derived Filter Section Requirements Custom Complex Poles

15 OSR 50.000 Enter Real Part of Pole Location 04
E d (damping ratio) 1.732 Enter Imaginary Part of Pole Location 0.7]

7 d compensated 1.836
E With pre-warp allowance scaled f0 6376.52 Custom Real Poles
| 19 Gain (W/V) 1.000| Enter Plow scaled to corner freq. 0.037
| 20 | |User Module Design Parameters Enter Phigh scaled to comer freq 1

21| [If C2<1 reduce sample freq C2 (calculated) 2.190
Z C2 ( to UM) 2 0 Low Pass Freguency Response
[2] =B de TR AT 2 T 140 0 P fid00 [{bboo Hoce
| 24| CB (default to UM) 32| = ]
| 25 | |If C4==31, reduce sample freq C4 (calculated) 29.221 3o
| 26 | IC4 ( to UM) 29|

27 C3 (calculated) 6.522 20
28 [ (oum 7] \\
| 29 | C1 (calculated) 2.000 X
30 [C (e um Al 0 3

31 Caculated d 1.790
32 Required fs 250000.000 -4 [ ——nominal '
EX Divide by n (Calculated for 24 MHz clock) 24.000 — Expected | i
| 34| [djusted Divide by n 24] - )
E Sample Clock (Hz) 250000.000
| 36| Caormner Frequency 4780.731
% Gain Calculated (V/V) 1.00 -0 Freq (o)
| 39 Motes: |

14 [4]» M+ LPF2 / PlotData /f Sheet3 /
Ready

[«

1 I v ]

Dl

Opening up LPF2 Design.xlIs brings up a low pass filter design spreadsheet. See Figure 12. The filter characteristics
are entered in the yellow cells. For this specific case, the filter is selected to have:

m A cutoff frequency of 5 kHz
® A Unity Gain (0 dB)
m A Bessel Response

m  250kHz Sample Freq
The derived filter requirements for damping value roll off frequency, and gain are shown in rows 16, 18, and 19.

A plot of the filter response including the effects of sampling and Nyquist frequency is provided. The design procedure
is included in the box at the top right of the spreadsheet. This tool does not guarantee the best-fit solution; however, it
does quickly provide a solution that meets all design requirements.

All of this is done without the user needing to know the damping and roll off values for their desired filter response. This
same spreadsheet is available from PSoC Designer as a “Wizard” by selecting the Filter User Module then right clicking
to get access to the Filter Design Wizard. The wizard has the advantage of automatically transferring the calculated
values into that filter’'s parameter locations. Also included with PSoC Designer is a spreadsheet for designing four-pole
low pass filters (LPF4 Design.xIs).
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9 Band Pass Filter

A band pass filter allows the passing of signals around a defined median frequency. The transfer equation for a two-
pole band pass filter is given in Equation 19.

S
h | >
b"(zﬂfoJ
2
(S j +d(S J+1
27k, 27, Equation 19

A plot of a typical band pass filter is shown in Figure 13.

H(s) =

Figure 13. FilterPlot-Generated Band Pass Filter

Universal 2 Pole BandPass Filter Amplitude Plot

40

20 ‘A
° // \\
Gain 20
(dB) -
-40
-60
-80
0.01 0.1 1 10 100
Relative f,

This plot and Table 3 show that the response peaks at fo. It is equal to the pass coefficient divided by the damping
value. For frequencies greater than 10fo, the signal falls off proportionally to the frequency. For frequencies less than
fo/10, the signal falls off inversely to the frequency.

Table 3. Selected Points on Band Pass Transfer Function

Gain Condition
H(s)hp = hip/100 s/2mf0 = 1/100
H(s)hp = hip/10 s/2mf0 = 1/10
H(s)hp = hlp/d s/2mf0 =1
H(s)hp = hhp/10 s/2mf0 = 10
H(s)hp = hlp/100 s/21f0 = 100

The bandwidth of the band pass filter is defined as the difference between the upper (fupper) and lower (fiower) cutoff
frequencies where the amplitude falls 3 dB below the peak value on its way out of the pass band. The center frequency
(fcenter) is the geometric mean of these two limits. They are shown in Equations 20 and 21.
BW, =f . —f

p = upper lower

Equation 20

feonter =/ Fuover f

center upper ' lower Equation 21

An important parameter of band pass filters is the filter selectivity (Q). It is defined as the center frequency divided by
the bandwidth and is shown in Equation 22.

Q _ fcenter _ fupper 1:Iower Equation 22
BW, f f

bp upper — 'lower

WWW.CYpress.com Document No. 001-43151 Rev. *E 12
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To calculate the upper and lower cutoff points, Equation 19 is converted to the frequency format shown in Equation 23.

h
op Equation 23

H(f)bp =
(:—ffo}/—_l+d

The amplitude of the transfer function will be down 3 db from the peak value when the imaginary part of the denominator
in Equation 23 equals the real part of the denominator. This results in Equations 24 and 25.

f f
upper 0 _ Equation 24
f0 fupper
f f
0 lower _ _ o Equation 25
flower fO

Solving these equations results in Equations 26 and 27.

Vd? +4+d

fupper = o — Equation 26

¢ _f\/d2+4—d
= f,
2

lower

Equation 27

Substituting the values in Equation 26 and 27 into the center frequency and bandwidth of Equations 20 and 21, results
in Equations 28 and 29.

(g Jd2+4—d \/d2+4+d:f Equation 28
center 0 2 2 0

BW,, = f,

/d2+4+d_f0\/m_d:fod Equation 29
2

2

These equations are used to calculate Q. It is shown in Equation 30.

_ fcenter _ fO
Q=  f,d

1
BW d

bp Equation 30

Multiple band pass filters can be cascaded to form higher order filters. As with low pass filters, many filter reference
books have tables with the necessary center frequency and Q values calculated for different types and orders of band
pass filtersyi.

The band pass transfer function shown in Equation 19 can be implemented two ways. One method is to take the Vouu
transfer Equation 7 and set Cpand Cpp to zero. The band pass coefficient is shown in Equation 31.

My CCy

d C.Cs Equation 31

The topology for a PSoC switched capacitor band pass filter is shown in Figure 14.
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Figure 14. PSoC Two-Pole Band Pass Filter
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This is the topology used to implement the BPF2 User Module.

An alternative method is to take the Vour transfer Equation 8 and set C1and Cpp to zero. The alternative band pass
coefficient is shown in Equation 32.

My C

=__P

d Cs Equation 32

The alternative topology is shown in Figure 15.
Figure 15. Alternative PSoC Band Pass Filter

ey
c. \$ $

AT C,

|1

C, :

out2

While there is no user module implementation of this alternate topology, a method for modification of an LPF2 User
Module to perform this band pass function will be shown later.
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10 BPF2 Filter Example

The goal of this example is to build a 1 kHz, 4 Vpp sinusoid generator. It is constructed by passing a 1 kHz square wave
through a 1 kHz band pass filter to remove the unwanted extra harmonics. A block diagram is shown in Figure 16.

Figure 16. 1 kHz Sinusoid Generator Block Diagram

¥ Buf
= | 1kHz Band D Vou
ColumnClock >Pass Filter

(Modulator)
PWM _I
GlobalOut0

200 kHz 5 /200

Note that the input to the filter is Vrer. It is converted to a +/-Vref square wave by connecting the PWM output to the filter
block’s analog modulator input. The modulator toggles the input between +Vrer and -Vrer (RefHi and RefLo), these values
are controlled by the RefMux parameter in the Global Resources of PSoC Designer. The block placement is shown in
Figure 17.

Figure 17. Band Pass Example Block Placement
7 GOO g7 GOE g

DCBO3

PVWME_1
PV E

LA

uf 0 uf 1

The requirements for the PWMS8 are:

® 200 kHz input clock
m  Period of 200
m  Pulse width of 100

m  Qutput connected to a modulator input (GOEJ[0])
Figure 18 shows the parameters required to implement a PWM with these requirements:
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Figure 18. Parameters for PWM8_1

x

Mame BPFZ_1

User Module BPF2

C1 1

c2 g

c3 2

C4 13

CA 32

CB 32

Input REFHI

AnalogBus AnalogCutBus_1

CompBus DISABLE

Palarity Inverting

[UGLIE Gty GlobalOutEven_0 ;l
Modulator Clock

Equation 33 gives the Fourier series for a 1 kHz square wave with a +/- Vet amplitude.

n(27f o 2n +1))

o Sin Equation 33
2n+1

Ve 23

T n=|
The frequency components are at fo, 3fo, 5fand so on. The hardest harmonic to remove is 3fo. A band pass filter with a
Q of four attenuates the third harmonic by 20 dB. (The third harmonic is already 10 dB lower than the primary frequency
for a total attenuation of 30 dB.)

One requirement for this filter is to have a Pk-Pk value of 4 V. +Vref(RefHi) is 3.9 V and —Vret(RefL0) is 1.3 V, this is only
2.6 V Pk-Pk, so some gain is needed. Equation 34 calculates the peak gain required for an output of +/- 2 volts and a
reference voltage of 1.3 volts.

PeakGain=2 - GCs _ M 50 Equation 34
d C,C, ., 4
T
The requirements for the band pass filter are summarized below:
®  Two pole Bessel band pass filer
m  Center Frequency of 1 kHz
m  Q of approximately 4 (d = Y4)
®  An over sample ratio of 50 (fs = 50 kHz)
m  Peak Gain of 1.208
Figure 19 shows the FilterCal monitor.
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Figure 19. FilterCal for Band Pass Example

C\Documents and Sett
Output File Wame BandPassExample.csw l!
Damping Ualue = .25
Damping tolerance <in percent?

=

fA tolerence (in percent?»= .5
Column Clock (in Hz?>= 28080000

4 L

There are 34 solutions that meet the requirements for Q and center frequency. They are shown in the spreadsheet in
Figure 20.
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Figure 20. Band Pass Example Solutions

_iolx]
J. Fille Edit View Insert Format Tools Data Window Help ;IEI!“
|0 mu|§@|g®'|n- @ = A Ao -7 2=
L6
AT B lcBlElFl 6 T A T T 315

| 1 |Damping 0.25 =
| 2 |[FO 1000

| 3 |Column Clock 200000

EX c2 C3 C4 Ca Ch damping d Error 0 0 Error

5 116/ 2 32 32 0.2525 0.99% 1004.58) 0.46%
E 2 8 432 32 02525 0.99% 1004.58 0.46%

| 7 | 4 4 732 32 02207 -11.72% 1003.58 0.36%

| 8 | 4 4 832 32 02525 0.99% 1004.58 0.46%

| 9 | 8 2013 32 32 02048 -18.07% 1003.08 0.31%

| 10 | 8 214 32 32 02207 -11.72% 1003.58 0.36%

| 11 8 215 32 32 02366 -537% 1004.08 0.41%
112 | 8 216 32 32 02525 0.99% 1004.58 0.46%

1 13 | 16/ 126 32 32 0.2048 -18.07% 1003.08 0.31%

| 14 | 16 127 3232 02128 -14.89% 1003.33 0.33%

| 15 | 16 128 32 32 02207 -11.72% 1003.58 0.36%

| 16 | 16/ 129 32 32 02286 -8.55% 1003.83 0.38%

| 17 | 16/ 130 32 32 02366 -537% 1004.08 0.41%

| 18 | 16) 131 3232 02445 -219% 1004.33 0.43%

| 19 | 1 8 2 3216 0.2525 0.99% 1004.58 0.46%

1 20 | 2 4 43216 02525 0.99% 1004.58 0.46%

| 21| 4 2 73216 02207 -11.72% 1003.58 0.36%
122 | 4 2 83216 02525 0.99% 1004.58 0.46%
123 | 8 113 32/ 16/ 02048 -18.07% 1003.08 0.31%

| 24 | 8 114 3216 02207 -11.72% 1003.58 0.36%

| 25 | 8 115 32/ 16 02366 -537% 1004.08 0.41%

| 26 | 8 116 32 16 02525 0.99% 1004.58 0.46%

| 27 | 1 8 2 16 32 0.2525 0.99% 1004.58 0.46%

| 28 | 2 4 416/ 32 02525 0.99% 1004.58 0.46%
129 | 4 2 T/ 16 32 0.2207 -11.72% 1003.58 0.36%

| 30| 4 2 8 16 32 02525 0.99% 1004.58 0.46%

| 31 8 113 16 32 02048 -18.07% 1003.08 0.31%

| 32 | 8 114 16 32 02207 -11.72% 1003.58 0.36%
133 | 8 115 16 32 02366 -537% 1004.08 0.41%

| 34 | 8 116 16 32 02525 0.99% 1004.58 0.46%

1 35 | 1 4 216/ 16 0.2525 0.99% 1004.58 0.46%

| 36 | 2 2 416/ 16 02525 0.99% 1004.58

| 37 | 4 1 716 16 0.2207 -11.72% 1003.58

| 38 | 4 1 816 16 0.2525 0.99% 1004.58

€415 D\ BandPassbxample /|4l

Ready 1 o v ]

Figure 21 shows the value of Q for each solution in column K. The value for the peak gain, when C1 =1, has also been
calculated in column L.
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Figure 21. Q and PeakGain Included

J File Edit View Insert Format Tool Data Window Help
DEH SRY 4RRC v-o- @ A 83 Mo -8 7
Al j =| Damping

A B [C|D[Fomiabric | H | | [ J | K | L | =
1 |Dampin 1 025 =l
| 2 |FO 1000
| 3 |Column Clock | 200000 C1= 1
| 4 | C2 C3|C4 Ca|Ch damping d Eror {0 f0 Error Q Peak Gain
1 5 | 116 2 32 32 02525 0.99% 1004.58 0.46% 3.960396 1.00
1 6 | 28 432 32 02525 099% 100458 046% 3.960396 1.00
| 7| 4 4 73232 02207 -11.72% 1003.58 0.36% 4.531038 1.14
| 8 | 4 4 § 32 32 02525 0.99% 100458 0.46% 3.960396 1.00
19 | 8 213 32 32 0.2048 -18.07% 1003.08 0.31% 4.882813 1.23
1 10| 8 2 14 32 32 02207 -11.72% 1003.58 0.36% 4.531038 1.14
| 11] 8 2 15 32 32 0.2366 -5.37% 1004.08 0.41% 4.226543 1.07
|12 8 216 32 32 0.2525 0.99% 1004.58 0.46% 3.960396 1.00
113 ] 16/ 126/ 32 32 0.2048 -18.07% 1003.08 0.31% 4.882813 1.23
| 14| 16/ 127 32 32 0.2128 -14.89% 1003.33 0.33% 4.699248 1.19
1 15| 16/ 128 32 32 0.2207 -11.72% 1003.58 0.36% 4.531038 1.14
116 | 16/ 12932 32 0.2286 -B.55% 1003.83 0.38% 4.374453 1.10
117 | 16/ 130 32/ 32 0.2366 -5.37% 1004.08 041% 4226543 1.07
| 18| 16 13132 32 0.2445 -2.19% 1004.33 0.43% 4.08998 1.03
119 1 8 23216 02525 099% 1004.58 0.46% 3.960396 1.00
| 20| 2 4 43216 02525 0.99% 1004.58 0.46% 3.960396 1.00
121 42 73216/ 02207 -11.72% 100358 0.36% 4.531038 1.14
| 22| 4 2 83216 02525 0.99% 100458 046% 3.960396 1.00
1 23| 8 113 32 16 0.2048 -18.07% 1003.08 0.31% 4.882813 1.23
| 24 | 8 114 32 16 0.2207 -11.72% 1003.58 0.36% 4.531038 1.14
125 | 8 115 32 16 02366 -537% 1004.08 0.41% 4.226543 1.07
| 26 | 8 116 32 16 0.2525 0.99% 1004.58 0.46% 3.960396 1.00
| 27 | 1 8 216 32 02525 0.99% 1004.58 0.46% 3.960396 2.00
128 | 2 4 416/ 32 02525 0.99% 1004.58 0.46% 3.960396 2.00
129 | 42 T7/16 32 02207 -11.72% 100358 0.36% 4.531038 229
| 30| 4 2 8 16 32 02525 0.99% 1004.58 0.46% 3.960396 2.00
| 31 8 113 16 32 0.2048 -18.07% 1003.08 0.31% 4.882813 246
132 8 1 1416 32 02207 -11.72% 1003.58 0.36% 4.531038 229
133 | 8 115 16 32 0.2366 -5.37% 1004.08 0.41% 4.226543 213
| 34 | 8 116 16 32 0.2525 0.99% 1004.58 0.46% 3.960396 2.00
135 | 1 4 216/ 16 0.2525 0.99% 1004.58 0.46% 3.960396 2.00
| 36 | 22 416 16/ 02525 0.99% 100458 0.46% 3.960396 2.00
| 37 | 4 1 716 16 0.2207 -11.72% 1003.58 0.36% 4.531038 2.29
| 38 | 4 1 816 16 02525 0.99% 100458 0.46% 3.960396 2.00 -
I:a( » [ BandPassExample |« HJJ
Ready [ T

This data is then sorted by peak gain value. It is shown in Figure 22.
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Figure 22. Data Sorted by Peak Gain Value

_lnix|

J Fle Edit View Insert Format Tools Data Window Help Jﬂﬂ

DZHERY IBRI v-o @ A4 Mo B 2=
L24 | =] =((5L53°F24)/(024*C24))

A [ B Jcfofefel 6 T 0 [ ¢+ T o[ & [ L [ o
| 1 |Damping 0.25 =
12 [F0 1000
| 3 |Column Clock | 200000 c1= 1
14 c2 C3 C4 Ca|Ch damping d Eror f0 f0 Error Q Peak Gain
15 | 1016/ 232 32 02525 0.99% 1004.58 0.46% 3.960396 1.00
| 6 | 2 8 43232 02525 0.99% 1004.58 0.46% 3.960396 1.00
| 7 4 4/ § 32 32 02525 0.99% 1004.58 0.46% 3.960396 1.00
| 8 | 8 21632 32 02525 0.99% 1004.58 0.46% 3.960396 1.00
19 | 1 8 232 16 02625 0.99% 1004.58 0.46% 3.960396 1.00
| 10 2 4 43216 02525 0.99% 1004.58 0.46% 3.960396 1.00
| 11] 4 2 8 3216 02525 0.99% 1004.58 0.46% 3.960396 1.00
112 | 8 11632 16 0.2525 0.99% 1004.58 0.46% 3.960396 1.00
113 16 13132 32 02445 -219% 1004.33 043% 4.08998 1.03
| 14| 8 2153232 0.2366 -5.37% 1004.08 0.41% 4.226543 1.07
115 16 130 32 32 0.2366 -5.37% 1004.08 0.41% 4.226543 1.07
| 16 8 1/15 32 16 0.2366 -5.37% 1004.08 0.41% 4.226543 1.07
|17 16 12932 32 0.2286 -8.55% 1003.83 0.38% 4.374453 110
| 18 4 4 73232 02207 -11.72%) 1003.58 0.36% 4.531038 114
119 8 21432 32 02207 -11.72% 1003.58 0.36% 4.531038 114
1 20| 16 128 32 32 0.2207 -11.72% 1003.58 0.36% 4.531038 114
121 42 73216 02207 -11.72%) 1003.58 0.36% 4.531038 114
|22 | 8 11432 16 0.2207 -11.72% 1003.58 0.36% 4.531038
23 16 127 32 32 02128 -1489% 100333 033% 4699248
| 24| 8 213 32 32 02048 -18.07% 1003.08 0.31% 4.882813
125 16 126 32 32 02048 -18.07% 1003.08 0.31% 4.882813
26 8§ 113 32 16 02046 -18.07% 1003.08 031% 4882813
| 27 | 1 8 2/16/32) 02525 0.99% 1004.58 0.46% 3.9603%6
|28 | 2 4 41632 02525 0.99% 1004.58 0.46% 3.960396
129 | 4 2 816 32 02525 0.99% 1004.58 0.46% 3.960396
130 8 1161632 0.2525 0.99% 1004.58 0.46% 3.960396
131 1 4/ 216/ 16/ 0.2525 0.99% 1004.58 0.46% 3.960396
132 20 2 416/ 16 02525 0.99% 1004.58 0.46% 3.960396
133 4 1 8 16 16 02525 0.99% 1004.58 0.46% 3.960396
134 | 8 1/15 1632 0.2366 -5.37% 1004.08 0.41% 4.226543
135 | 4 2 T 16 32 02207 -11.72%) 1003.58 0.36% 4.531038
136 | 8 1141632 0.2207 -11.72% 1003.58 0.36% 4.531038
137 4 1 716/ 16 0.2207-11.72% 1003.58 0.36% 4.531038 .

138 8 1131632 0.2048 -18.07% 1003.08 0.31% 4.882813 246 .
413 W Bandpasstxampie / I -
Ready ||_Count:33 [ oM 4

Three solutions have a peak gain value close to 1.208. The solution in row 26 is selected. The BPF2_1 parameters are

shown in Figure 23.

Figure 23. Band Pass Filter Parameters

rarameters-terz 1Y

MName BPFZ_1

User Module BFF2

Version 560

C1 1

c2 8

Cc3 2

c4 13

CA 32

CB 32

Input REFHI

AnalogBus AnalogOutBus_1

CompBus DISABELE

Polarity Inverting

¥ GlobalOutEven_0 |

Modulator Clock
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The modulator connection is made by selecting

Modulator Clock to be GlobalOutEven_0, the output of the PWM.

Figure 24 shows that the output is in fact 4Vpp and has a frequency of 1 kHz.
Figure 24. 4Vpp 1 kHz Output
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Note that the output is made up of 50 discrete samples per cycle. This is what is to be expected with a 50-kHz sampling
clock (200-kHz column clock).

11  May | have a Wizard Please

There is design spreadsheet for two-pole and four-pole band pass filters. BPF2 Design.xls is opened and shown in
Figure 25.

The filter characteristics are entered in the yellow cells. For this specific case, the filter is selected to have:

m A center frequency of 1 kHz
= Gain of 1.208 (1.64 dB)

®  Bandwidth of 250 Hz

m  Sample Frequency of 50kHz
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Figure 25. Two-Pole Band Pass Filter Design Spreadsheet

J Hle Edit VWiew Insert Format Tools Data Window Help

IDEEHSAY L 2RC v - (&= A 5|l on -7 2 wa ===
L39 =] =]

A 8 | ¢ | o [ e [ F Jwu 1+ [ g [ kK [ L [ M [ N [ o [F
| 1 | Cypress MicroSyst 1 Pole Pair Band Pass Filter Design, Rev 2.1 |Design Procedure i
| 2 | |Design Requirements Enter Filter Specification (data fields in yellow)
| 3 |Enter Center Frequency (Hz) 1000.0] Enter C2 value ( range 1:31)
| 4  |Enter: Bandwidth (Hz) 250.0 \Verify C1-4 values in range 1:31

5 | |Enter: Gain (dB) 1.64 Select Plot Resolution, adjust scales as necessary
I Enter: Sample Frequency 50000.0 \/erify expected filter performance, adjust C2 and Sample Frequency
| 7| Transfer values for C1,C2,C3,C4,CA.CB to User Module Parameter Table
| 8 | Select clock source and dividers (24V1,2 or dig block), set for div by n
E Derived Filter Section Requirements
| 12| Q 4.000 | | Enter resolution [0 for Marrow Band. 1 for Wide Band 0.000
| 13 | osr 50.000
% ga(i‘:lt&.%?-warp} 1001-13;32 20 Band Pass Frequency Response
| 17 | |User Module Design Parameters :
| 18 | |Enter: C2 (to UM) 8] 10 4
119 CA (default to UM) 32|
20 CB (default to UNM) 32 001
21 3 (calculated) 1.99 .
22| [C3 (0 um) 7] g0
|23 C4 (calculated) 15644 E-zu
|24 |c4 { to UM) 16]
| 25 C1 (calculated) 1.208 EL R
| 26 [c1 { to UM) 1]
| 27 | Calculated Q 3.961 ap 4
| 26 | Required fs 50000.000
129 Divide by n (Calculated for 24 MHz clock) 120.00 50 HH H HEHEH H
130 |Adjusted divide by n 120| 0 200 400 600 800 1000 1200 1400
| 31| Sample Clock (Hz) 50000.000 —+— Norminal —— Expectsd Freq (Hz)
|32 | Calculated Gain (V/V) 1.000
|33 |
34
|35 [Motes:
e T
M 4]k M BPF2 { PlotData 4 Sheets |4l HJJ
Ready 1 I S . e |

The derived filter requirements for Q, roll off frequency, and gain are shown in rows 12, 14, and 15.

The user manipulates the Cz (the cell in orange) while keeping track of the calculated Q in row 27. When satisfied with
these two values, the calculated values for Ca, Cs, C3, Caand Cican be found in rows 19, 20, 22, 24, and 26.

A plot of the filter response including the effects of sampling and Nyquist frequency is provided. For this example, the
best fit came out with a gain of one. This is 16% below the desired value of 1.208. Some leeway is allowed in the Q
value. Figure 26 shows the solution when the bandwidth requirement is lowered to 200 Hz.
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Figure 26. Spreadsheet with Bandwidth Requirement Altered

_lalx]
J File Edit View Insert Format Tools Data Window Help ;lﬂlﬂ|
DNEEHSRY|(F BB v-o (&= &4 F M wwe -7 2w lE=E=El - 2
F& =] =| 164
A B8 | ¢ | o [ E | E_Juf 1+ | J [ kK [ L | M [ N | o I[7
| 1 | Cypress MicroSyst: 1 Pole Pair Band Pass Filter Design, Rev 2.1 |Design Procedure =
2 | |Design Requirements Enter Filter Specification (data fields in yellow)
| 3 | |Enter Center Frequency (Hz) 1000.0 Enter C2 value ( range 1:31)
Z Enter: Bandwidth (Hz) 200.0, \erify C1-4 values in range 1:31
il Enter: Gain (dB) I 1.64) Select Plot Resolution, adjust scales as necessary
| 6 | [Enter: Sample Frequency 50000.0 Verify expected filter performance. adjust C2 and Sample Frequency
7 Transfer values for C1,C2.C3,C4,CA CB to User Module Parameter Table
I Select clock source and dividers (24V/1.2 or dig block), set for div by n
I Derived Filter Section Requirements
112 | Q 5.000 Enter resolution ||U for Narrow Band, 1 for Wide Band 0.000
| 13 osr 50.000
% gaﬁv:lt(l\};:;?-warp} 10013;% 20 Band Pa=s Frequency Rezponze
17 | |User Module Design Parameters
| 18 | |Enter C2 ( to UN) B 20
19 CA (default to UM) 32
120 CB (default to UM) 32| ‘0
21 C3 (calculated) 1.99 .
22| [c3 (o Um) | 2
|23 C4 (calculated) 12.69 £ 00
24 [Cai um) 13] ©
| 25 | C1 (calculated) 0,951 -0
| 26| [c1 {0 um) 1]
| 27 | Calculated Q 4.882 -20
| 28 | Required fs 50000.000
A Divide by n {Calculated for 24 MHz clock) 120.00 30
130 |Adjusted divide by n 120 0 200 400 600 200 1000 1200 1400
| 31 Sample Clock (Hz) 50000.000 e Nominal —Expected Freq (Hz)
| 32| Calculated Gain (V) 121
| 33|
34
E [Notes:
£ h
|4 4[» [»]BPF2 { Piot Data 7 Shest3 (4] LUJ
Ready I [ WM [ [,

With the same C2, C4 calculates to 13 and the gain is now 1.231 (a 2% error).

This same spreadsheet is available from PSoC Designer as a “Wizard” by selecting the Filter User Module then right
clicking to get access to the Filter Design Wizard. The wizard has the advantage of automatically transferring the
calculated values into that filter's parameter locations. Also included with PSoC Designer is a spreadsheet for designing
four pole band pass filters (BPF4 Design.xIs)

12  Alternate Band Pass Filter Example

The goal of this example is to construct the following filter:

®  Two pole band pass filter

m  Center frequency of 5 kHz

m Qofl10(d=.1)

®  An over sample ratio of 50 (fs = 250 kHz)

®  Unity Peak Gain.
Figure 27 shows the FilterCalc monitor given these constraints.
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Figure 27. FilterCalc Monitor for Alternate Band Pass Filter Example

C:\Documents and Settings\tdu\De Ol x|

Dutput File Mame AlternateBandPassExample.csw I’
Damping Value = .1

Damping tolerance {in percentl= 5

f@ in <{Hz>= 5888

fA tolerence {in percentld= 5

Column Clock <in Hz)>= 18080006

Prezs Enter to continue

Four Solutions meet the design constraints. They are shown in Figure 28.

Figure 28. Alternate Band Pass Example Solutions

_inix]
J@ File Edit Wiew Insert Format Tools Data Window Help ;IEIEI
DeH SRy BRI -z sl o -F =2
AT - =

A [ B [c[p[eE[F[ & [ H [ 1 [ J [k Iz
| 1 |Damping 0.1
2 |FO 5000
| 3 |Column CI 1000000
| 4] c2 C3/C4 Ca Cb damping d Error f0 0 Error
| 5 | 5 3 432 32 00973 -2.71% 4838.76 -3.22%
6 5 2 32 32 00973 -2.71% 4838.76 -3.22%

6 13 32 32 0.1021 2.09% 4999.29 -0.01%

8 7 3132 32 0.0991-095% 5153.79) 3.08%
44> | M AlternateBandPassExample 141
Ready H_Count=10 [ WMl [ [ 4

The solution in row 7 has the smallest center frequency error. It is the one selected.

The topology of the alternate band pass filter shown in Figure 13 is very close to the low pass filter topology shown in
Figure 6. A low pass filter can be converted to an alternate band pass filter by:

m  Setting C1to zero

m  Setting Cpvalue in software
The user module placement is shown in Figure 29.
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Figure 29. Alternate Band Pass Block Placement

Port_0_4

ACBO1

FLOUT
ASD11

FauxBP
FLOUT

Comparator 0
Comparator 1

ASD20 ASC21

;buf o E

The user module parameters are shown in Figure 30.

Figure 30. FauxBP Parameters

Parameters - FauxBP ﬂ

FauxBP

User Module LPF2

Version 3.00

C1 ]

c2 16

C3 1

Cc4 13

CA 32

CE 2

Irput ACBOD

AnalogBus AnalogOutBus_1

CompBus DISABLE

Palarity Inverting

Modulator Clock | None
Name
Indicates the name used to identify this User
Module instance

Note that C1is set to zero. The correct value and input connection must be set for Cp. Cu1is the ACap of the filter’s input
block, while Cpis the CCap of the same block.

Cp must be connected to the buffer located in ACBO0O. Figure 31 shows that setting the input for ACap (C1) to ACB0O
also set the CCap (Cp) input to ACBOO.
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Figure 31. C1 and Cp Input Selection
13.2.44 ASCxxCR1

Analog Switch Cap Type C Block Control Register 1

ASC10

Alinputs C Inputs

. x 000b ACBOO  ACBOD
001b  ASD11  ACBOO
010b  RefHi ACBOD

Individual Register Names and Addresses:
ASC10CR1 :x.81h ASC12CR1 : x.8%h ASC21C

7 6 5 4 011b ASD20  ACBOO
Access: POR RW:0 \ 100b ACBO1  ASD20
Bit Name ACMUX[2:0] \ }?;E ﬁgg?? gggg

P2[1]  ASD20

This register is cne of four registers used to configure a type C switch capac oC bloc
Bits Name Description
7:5 ACMux[2:0] Encoding to select A#nd C inputs. (Note that available mux inputs vary by individual block.)

ASC21 ASC12 ASC23
Alnputs Clnputs Alnputs Clinputs A lnputs C Inpufs
000k ACBOOD  ACBOO SD11 ASD11 ACBO2  ACBOZ  ASD13  ASD13
001b  ASD11  ACBOO D20  ASD11 ASD13  ACBOZ  ASD2z  ASD13
010b RefHi ACBO0  REfHi ASD11 RefHi ACBOZ  RefHi ASD13
011t ASD20  ACBOO  Viemp ASD11 ASD22  ACBOZ  ABUS3 ASD13
100b  ACBO1  ASD20 C10  ASD11 ACBO3  ASD22  ASC1Z  ASD13
101b  ACBO0O  ASDZ0 SD20  ASD11 ACB0O2  ASD22  ASD2Z  ASD13
110b ASD11 ASD20 BUS1  ASDM ASD13  ASD22  ABUS3 ASD13
11b P2[1] ASD20 / ASD22  ASD11 ASD11 ASD2Z2  P2[2) ASD13

A lnputs

Figure 31 confirms the A and C inputs are correctly configured to connect to ACBO0O.
Example Code 1 shows the program that starts the filter and also configures the Ccap (Cp) value.

Equation 32 shows that for unity peak gain, Cp must equal Ca. Software is used to set the lower 5 bits of the register
ASC10CR to 13. This is shown in example Code 2.

Code 1
vold main{wvoid)
14
PGA 1 Start (PGAR 1 HIGHPOWER):
FauxBP Start (FauxBF HIGHPOWER) ;

{f/fset CCap (Cp) to 13
RSCIOCRZ |= ;

while(l):
-}

Figure 32 shows a spectral plot of this filter.
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Figure 32. Q=10 Alternate Band Pass Filter Spectral Plot

Frequency (kHz)

Examination of the plot shows that the signal has a center frequency of 5 kHz. It also is 40 dB down a decade away
from the center frequency. This is consistent for a 5 kHz band pass filter with a Q of 10.

13  High Pass Filter

A high pass filter allows the passing of signals greater than some cutoff frequency fcutoff. The transfer equation for a
two-pole high pass filter is given in Equation 35.

S 2
ol = .
27, Equation 35

2
L (| I |
27, 27,

A plot of a typical high pass filter is shown in Figure 33.

H (S)hp =
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Figure 33. FilterPlot-Generated High Pass Filter
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Table 4. Selected Points on High Pass Transfer Function

Gain Condition
H(s)hp =0 s/2mf0 = 0
H(s)hp = hlp/1002 s/2mf0 = 1/100
H(s)hp = hip/102 s/2mf0 = 1/10
H(s)hp = hlp/d s/2mf0 =1
H(s)hp = hhp s/2mf0 = 10
H(s)hp = hip s/21f0 = 100

Note that the cut off frequency, feutott, is defined as the frequency where the output is attenuated by 3 dB. It is not
necessarily equal to fo.

Fortunately, many filter reference books have tables with the necessary roll off and damping values calculated for
different types and orders of filters 1.

The high pass transfer function shown in Equation 35 can be implemented two ways.

One method is to take the Vouu transfer Equation 7 and set C11 and Cpp to zero. The high pass coefficient is shown in

Equation 36.
hhpl == CPCB Equation 36
1 1
CiCe —,C:Cs =, C:Cs
The topology for a PSoC switched capacitor high pass filter in shown in Figure 34.
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Figure 34. PSoC Two-Pole High Pass Filter
U T

c, g &
Cl

CA

c. | &
VeI 4 Cs 4
\ ouﬂ (l’\ \0'

An alternative method is to take the Vourz transfer Equation 8 and set Ciand Cpto zero. The alternative high pass coefficient is
shown in Equation 37.

c.C
hhp2:_ bp ~2

1 1
c,C,—--C,C,--C,C,
2 4 Equation 37
The alternative topology is shown in Figure 35.

Figure 35. Alternative PSoC High Pass Filter

——r=>
C c:¢:
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" TT/ Vouts
4 > /S
v,—ir/

There are no user module implementations in either topology.

>

13.1  Why Not?

Switched capacitor filters sample the input at some sample frequency, fs. At the Nyquist limit (fs/2), the signal frequency
will start to alias back toward DC. Switched capacitor filters cannot distinguish a DC input from an input at the sampling
frequency.

This is not a problem for low pass filters. The Nyquist point, being half the over sample ratio, is far down the attenuation
curve. For a 100 over sample two-pole low pass filter, the output signal is down 68 dB at the Nyquist point. It is 56 dB
down for a filter with an over sample ratio of 25.

It is just the opposite for a high pass filter. At the Nyquist point, pretty much all the signal is passed through. Signals
past the Nyquist frequency are aliased and are generally useless. This limits the bandwidth of a high pass filter to be
from the cutoff frequency up to the Nyquist frequency effectively a band pass filter.
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This is not unique to PSoC switched capacitor filters. Implementing a well performing high pass filter requires very high
over sample ratio (at least several thousand). Hyper large over sample ratios require a large ratio of capacitor sizes.
This uses a significant amount silicon area, thus, rendering them economically impractical.

13.2 Notch Filter

A notch filter allows the passing of signals except around a defined median frequency. It is a combination of equal
amounts of the low pass and high pass coefficients. The transfer equation for a two-pole notch filter is given in Equation
38.

2
S
Py [MJ +h,
0 —

notch — 2 : hhp - hIp
L P (L
24, 2,

A plot of a typical notch filter is shown in Figure 36..

Equation 38

H(s)

Figure 36. Filter Plot-Generated Notch Filter
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This plot and Table 5 show that the response is zero at fo. At some distance away from fo, the signal is passed relatively
unattenuated.

Table 5. Selected Points on Notch Transfer Function

Gain Condition
H(s)notch = h s/2mf0 = 1/100
H(s)notch = h s/2mf0 = 1/10
H(s)notch =0 s/2mf0 =1
H(s)notch = h s/2mf0 = 10
H(s)notch = h s/21f0 = 100

The bandwidth of the notch is defined as the difference between the upper (fupper) and lower (flower) cutoff frequencies
where the amplitude falls 3 dB. The center frequency (fcenter) is the geometric mean of these two limits. They are
shown in Equations 39 and 40.

BWnotch = fupper - flower Equation 39
fcenter = fupper flower Equation 40
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To calculate the upper and lower cutoff points, the amplitude of Equation 38 is shown in Equation 41.

f, Y
Jo_ b
( f fOJ Equation 41

2
RN (H
£, f

Equation 42 shows the point where the signal is 3 dB down.

h
notch — ﬁ

Equations 40 and 41 are combined to find the two solutions. They are shown in Equation 43 and Equation 44.

Vd?+4 +d

fupper = fO 2 Equation 43

Vd%+4-d
2

H(f)

notch —

H ( f ) Equation 42

f = fo Equation 44

lower

Substituting the values in Equation 43 and 44 into the center frequency and bandwidth in Equations 39 and 40, results
in Equations 45 and 46.

\/\/d2+4—d Jd2+4 +d
fcenter:fo =

fO
2 2 Equation 45
[42 2 _ .
BW,, = f, d Z4+d -1, \/T d = f,d Equation 46

The notch bandwidth is proportional to the damping value. The center frequency is the roll off frequency. The transfer
function shown in Equation 38 can made two different ways.

The first is by taking the Voue transfer Equation 8 and setting Cp to zero. This is shown in Equation 47.

CuCa 1C,Ys).C
PPEA 2>y ;
( C,C, 4C, J( fsj c, Equation 47

2
CeCun _1C, 1Ys) Cis
C,C, 2C, 4)\f,) C,f,

The topology for such a filter is shown in Figure 37. The low pass and high pass coefficients are shown in Equation 48.

H (S) notch —

1
C,Ca _ZC1C3 c, Equation 48

h

hp2 =

1 1
CeCh=5CiCy —, C:Cs
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Figure 37. PSoC Two-Pole Notch Filter
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This filter has the advantage of only using two switched capacitor blocks. The disadvantage is that interaction between
the two blocks near the roll off frequency keeps it from functioning well for values of Q much greater than one. The

second way the notch filter transfer Equation 38 can also be expressed is as the original input minus a band pass filter
output. This is shown in Equation 49.

_ hbp

)
H (S) e = - ° -

= ‘h
notch 2
d
S | B
274, 21,

A block diagram of such a filter is shown in Figure 38.

Equation 49

Figure 38. Notch Filter Block Diagram

Vin -+ Y}
Band A[;'.f,:) o
Pass |-
Filter

This filter is implemented using a band pass filter plus an additional switched capacitor block functioning as a DiffAmp.
It requires an additional block to implement but is more able to implement high Q notch filters.
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14  Notch Filter Example

For this example, the alternate band pass example will be modified to include a notch output. The block placement is

shown in Figure 39.

Figure 39. Band Pass/Notch Block Placement
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Comparator 0
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ASC21
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Port_0_1

ASD22

[

Comparator 2

A DiffAmp has been added to subtract the buffer input from the band pass filter output. The parameters for the DiffAmp
block are shown in Figure 40.
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Figure 40. DiffAmp Parameters

rerameters - scoiiame
SCDiff Amp
Uger Module SCELOCK
Version 2.4
FCap 16
ClockPhase MNomn
ASign MNeg
AlCap 16
AC M ACBO2
BCap 16
AnalogBus AnalogCutBus_2
CompBus Disable
AutoZero Cn
CCap 0
ARefMuwc AGND
FS¥WW1 Cn
FSWO0 Cn
BMuoe ASDN
Power High
Name
Indicates the name used to identify this User
Module instance

The filter connection is made to the BCap input. It is the negative input. The band pass filter inverts the gain so the
input into the ACap input must be inverted. Setting ASign negative does this. The only software change is to start the

extra PGA User Module.

Figure 41 is a spectral plot of this filter.

Figure 41. Q=10 Alternate Band Pass Filter Spectral Plot
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Examination of the plot shows that the signal has a notch at 5 kHz. The 3 dB points are approximately 500 Hz apart.
This is consistent for a 5 kHz notch filter with a Q of 10.
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15 Elliptical Filter

Similar to the notch filter, an elliptical filter allows the passing of signals only when they are passed around a defined
median frequency. The difference is that they are no longer equal amounts of the low pass and high pass coefficients.
The transfer equation for a two-pole notch filter is given in Equation 50.

2
S
hhp (Zﬂfo] + hIp

2
ST ] L
2, 27,

A plot of a typical elliptical low pass filter is shown in Figure 42.

hy, 2 hy,

H(s)elliplical :(

Equation 50

Figure 42. FilterPlot-Generated Elliptical Low Pass Filter
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This plot and Table 6 show that the response is zero at points determined by fo, hnp, and hip. At some distance away
from fo, the signal is determined by its relative pass coefficient.

Table 6. Selected Points on Elliptical Transfer Function

Gain Condition
H(s)elliptical = hip s/21f0 = 1/100
H(s)elliptical = hip s/21f0 = 1/10
H(s)elliptical = 0 s/2mf0 = (hlp/hhp)Y2
H(s)elliptical = hhp s/2f0 = 10
H(s)elliptical = hhp s/21f0 = 100

Note that an elliptical filter can either be high pass or low pass. At some defined point, the output rapidly drops to zero.

The transfer function shown in Equation 38 can be made two different ways. The first is by taking the Vout2 transfer
Equation 8 and setting Cpto zero. This is shown in Equation 51.

2
Cula 1G Y s} G
cc, 4c,)\f.) ¢,

elliptical — 2
CeCp _1C, 115 ) Cis
C,C, 2C, 4)f, C, f,

H(s)

Equation 51
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The low pass and high pass coefficients are shown in Equation 52.

1
L C,Ca —chc3 h c Equation 52
hp2 1 1 Ip2 C
CBCA_EC3C4_ZC2C3 2

The topology for a PSoC switched capacitor elliptical filter is shown in Figure 43.

Figure 43. PSoC Two Pole Elliptical Filter
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You may notice this topology looks similar to notch filter. The only difference is that the pass coefficients are no longer
equal. This filter has the advantage of only using two switched capacitor blocks. The disadvantage is that interaction
between the two blocks near the roll off frequency keeps it from functioning well for values of Q much greater than one.
Fortunately, when implementing low pass and high pass elliptical filters, the desired Q is most certainly never much
larger than one.

16  Elliptical Filter Example

For this example, the Bessel low pass example will be modified to add a high pass coefficient one-tenth the low pass
value.

The requirements are:

®  Two pole Bessel low pass filer

m  Cut off frequency of 5 kHz

®  An over sample ratio of 50 (fs = 250 kHz)

m  Unity low pass gain

m  -20 dB high pass gain

Standard tables from filter reference books [1) show that the filter is constructed with:
m  fo=1.274*5 kHz = 6,380 kHz

m d=1.732
The coefficients calculated for the low pass part were:

m C1=3
m C2=3
m C3=8
m Cs=31
B Ca=32
= Cg=32

Substituting the known values into Equation 52 results in Equation 53 with a single unknown variable.

WWW.CYpress.com Document No. 001-43151 Rev. *E 36


http://www.cypress.com/

o CYPRESS

~am> EMBEDDED IN TOMORROW™ PSoC® 1 Understanding Switched Capacitor Filters

Cpp32- 13 -8 )
hy, =0.1= : 4 - Equation 53
32-32--8-31--3-8
2 4

Solving Equation 53 results in Equation 54.
Cpp =2.98~3 Equation 54
Substituting this value into Equation 53 results in the actual coefficient show in Equation 55.

3'32_%3'8 Equation 55
h,, =0.1= 1 1 =1.007=.1

32-32--8-31--3-8
2 4

The block placement is shown in Figure 44.

Figure 44. Elliptical Filter Example Block Placement

L1 =

Port_0_1
I ) Port_0_1 Port_0_4
% ACBO1 .

o =
8 5
& &
o @
E E
Q =]
L] O

ASD20 ASC21

;.%1 OZ uf 1

The topology of the elliptical filter is very close to a low pass filter. All that is required to convert the LPF2 User Module
to an elliptical filter is to set the value and input connection for Cpp. This is done in software.

Cppis the BCap of the filter's output block. It must be connected to the buffer located in ACBO.
The default setting for the input for BCap (Cpp) is ACB00. No software is required to connect it.

Example Code 4 shows the program that starts the filter and also configures the BCap (Cpp) value.
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Code 4

volid main(wvoid)

14
PGA 1 Start (PGA_1 HIGHPCOWER) ;
LPF2_1 Start (LPF2_1 HIGHPOWER):

RSD11CRl |= H

while(l);
-1
Figure 45 is a spectral plot of this filter.

Figure 45 Elliptical Low Pass Filter Spectral Plot 1
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Note that the output goes to zero at about 21 kHz. This is consistent for a filter with fo = 6.38 kHz and a low
pass-to-high pass ratio of 10 (6380*10+). Frequencies past this notch are a little over 20 dB below the low frequency
inputs. Again, this is consistent with the design constraints.

17  Summary
Universal two pole filters are the building blocks of all filters. It can be thought of as having five variables:

®  Roll frequency, fo

m  Damping Value, d

m | ow pass coefficient, hip

m  Band Pass Coefficient, hop

m  High Pass Coefficient, hnp

PSoC has the ability to control and implement all five of these variables. These filter blocks can be cascaded together
to implement more complex filters. Filter reference books will have tables of damping values and roll off frequencies
required to implement more complex filters.

FilterCalc is a program that will assist the user in determining the best possible capacitor values for their specific filter
requirements.

Filter design spreadsheets are available with the PSoC Designer documentation. Automated design wizards are
available for placed filter modules.

Filter design for a PSoC system is very straight forward given a good filter reference book and the tools shown in this
Application Note.
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