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VAKXV

Dual Universal

Switched Capacitor Filter

General Description Features
The MF10 is a dual 2nd order, switched capacitor, state ¢ No External Capacitors Required
variable filter. Each of the two filter sections uses two
switched capacitor integrators and an op amp to - ¢ Low Sensitivity to External Component Variation
generate a second order function. The location of the
poles (and thus the center frequency and Q) is deter- ¢ Excellent Frequency and Q Stability
mined by the frequency of an external clock and 2 to 4
external resistors. No external capacitors are used. 4 Easily Cascaded for Multipole Fllters
Each of the two filter sections of the MF10 can generate
all standard 2nd order functiops; bandpass. lowpass, . ¢ Filter Frequency Set by External Clock Frequenc!'
highpass, notch (band-reject), complex zeroes and
alipass functions. Three of these functions are simul- ¢ 0.2% Clock to Center Frequency Ratlo Accuracy
taneously available. The frequency of the 2nd order
poles is accurate to +0.2% and the Q is accurate to ¢ Highpass, Lowpass, Bandpass, Notch, and Allpass
A Filter Functions.
within 2%.
Fourth order filters can be made by cascading the two ¢ Up to 3 Simultaneous Filter Function Outputs
2nd order filter sections of the MF10, and higher order
filters can easily be made by cascading more MF10s. ¢ Up to 30kHz Operation
The excellent accuracy and stability of MF10 based
filters eliminates the complex, costly tuning normally ¢ Easy to use—Design Directly from the Data Sheet
required in the production of high order (muitipole)
filters. Design equations for Butterworth, Bessel, ¢ Monolithic, Low Power CMOS Design
Chebyshev, and Cauer (Elliptic) filters are provided.
Applications Ordering Information
This versatile device is used for a wide range of filtering PART TEMP. RANGE PIN-PACKAGE
applications such as: MF10BN 0°Clo +70°C 20 Lead Plastic DIP
Tunable active filters Adaptive Filtering MF10CN 0°C to +70°C 20 Lead Plastic DIP
Muiti-pole filters Phase locked loops — ~ -
Anti-aliasing filters Signal Processing/ MF10BWP 0°Clo+70°C 20 Lead Wide SO
Conditioning MF10CWP 0°Cto +70°C 20 Lead Wide SO
MF10BJ 0°C to +70°C 20 Lead CERDIP*
MF10CJ 0°C to +70°C 20 Lead CERDIP*
MF10CC/D 0°C to +70°C Dice*
= Contact Factory
Typical Operating Circuit Pin Configuration
TOP VIEW "
s [1] [20] LPs
BPA |Z E BPg
o 52 m| w3 3w NIAPIHP4 3 [15] vAPIHP
] W (2] amaxcran fiz] ws
MAXim su[s] MFIO [g]sn
N Mo Your Sue ] 18] Aano
g-05¢ ) a-13 we 7] %V,
Fo=2kHz | Fo=2kHz A
1 vor [g] [13] vor
" r s ovss [ ] s
CLKs [0} [11] CLks
DIP/SO
MAXAN Maxim integrated Products 1

For free samples & the latest literature: http://www.maxim-ic.com, or phone 1-800-998-8800
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MF10

Dual Universal
Switched Capacitor Filter

ABSOLUTE MAXIMUM RATINGS

Supply Voltage (V7' to.V7) .......oiiiiiiininniin.. 14V Storage Temperature ................. ~-65°C to +160°C
Power Dissipation ...............ccciiinina... 500mwW Lead Temperature (Soldering, 10 seconds) ...... +300°C
Operating Temperature .................. 0°C to +70°C

Stresses above those listed under "Absolute Maximum Ratings” may cause permanentdamage tothe device. These are stress ratings only and
functional operation of the device at these or any other conditions above those indicated in the operationat sections of the specifications is not
implied. Exposure to absolute maximum rating conditions for extended periods may affect device reliability.

ELECTRICAL CHARACTER'ST'CS (Compiete Filter)

(Vg = £5Y, To = +25°C)

[ PARAMETER "] 7 coNDiiions MIN TYP MAX | UNITS
Frequency Range fo X Q < 200 kHz 20 30 kHz
Clock to Center Frequency
Ratio, fcLr/fo

MF108_ Pin 12 High, Q = 10 49.94 + 0.2% =0.6%
MF10C. fo X Q < 50kHz, Mode 1 49.94 + 0.2% +15%
MF108_ Pin 12 at Mid Supplies 99.35 * 0.2% 10.6%
MF10C_ Q =10, fo X Q < 50kHz, Mode 1 99.35 £ 0.2% +1.5%
Q Accuracy (Q Deviation f
. o X Q < 50kHz
frpm an ldeal Continuous o, < 5kHz, Mode 1 +2% +6%
Filter)
Pin 12 High (-50:1) +10 ppm/°C
Pin 12 Mid Supplies (~100:1) +100 ppm/°C
fo Temperature Coefficient fo X Q < 100kHz, Mode 1
Externai Clock Temperature
Independent
fo X Q < 100kHz, Q Setting +500 ppm/°C
Q Temperature Coefficient Resistors Temperature
Independent
DC Low Pass Gain Accuracy Mode 1, Rt = R2 = 10k{} +1 +2 %
Crosstalk 50 dB
Clock Feedthrough 10 my
Maximum Clock Frequency 1 15 MHz
Power Supply Current 7 10 mA

ELECTRICAL CHARACTERISTICS (internal Op Amps)

(Vg =25V, T, = +25°C)

PARAMETER . CONDITIONS MIN Typ MAX UNITS
Supply Voitage +4 *5 \
Voltage Swing (Pins 1, 2, 19, 20) R, =5kQ
MF108_ +4.0 +41 v
MF10C_ +3.8 +39 v
Voltage Swing (Pins 3 and 18) R, = 3.5k
MF10B_ +4.0 41 v
MF10C_ 3.8 +39 \
 —
Qutput short Circuit Current
Source 3 mA
Sink 1.5 mA
Gain Bandwidth Product 25 MHz
[~ S S {
Slew Rate 7 VS

]
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FCLK/FO vs Q

Dual Universal
Switched Capacitor Filter

Fow/Fo v8 Q
10 0.5
fou .
W '%”‘— - 9935
0
0.0
g 0o
z
3 Q
e =
g o
g 2.0 E‘}-n -
ES
-3 -10
01 10 0 100 [ A 10 10 100
NOMINAL Q NOMINAL Q
Table 1. PIN DESCRIPTION
PIN PIN NUMBER PIN PIN NUMBER
NAME | Filter | Section DESCRIPTION NAME | Filter | Section DESCRIPTION -
A B A B
LP 1 20 |These are the lowpass, bandpass, CLK 10 " Clock inputs for each switched
and notch/allpass/highpass capacitor building block. The
outputs of each 2nd order section. duty cycle should be close
BP 2 19 |The LP and BP outputs can typi- to 50% to ailow the op amps
cally sink TmA and source 3mA. the maximum time to settle,
The N/AP/HP output can typically particularly when the clock
N/AP/HP 18 [Isink 1.5mA and source 3mA. frequency is above 200kHz.
INV 17 [INV is the inverting input of the 50/100/CL 12 This three-levei input pin selects|
summing op amp of each filter. one of three MF10 operating
— - - itions. When the 50/100/CL
31 5 16  |This is an alternate signal input conditions. Wi A
pin used in modes 1A.%, 5 ang 6B. pin is connected to Vg the ratio
This pin must be driven with a between clock fre_quenpy a’.“’
low source impedance. center frequency is 50:1. With
this pin at mid supplies (i.e.,
Sam 6 The Sa/s input controls a switch analog ground with dual supplies
connecting one of the inputs of the clock frequency to center
the filter's 2nd summer — either frequency ratio is 100:1. Tying
to analog ground (Sase iow) or the pin low activates a simple
to the low pass output (Sa/B current limiting circuitry which
high). The Sa/g input controis halts normal filtering operation
the configuration of both sec- and reduces the supply current
tions of the MF10. by 70%.
Vy* 7 Analog and digital positive v 13 Analog and digital negative
supply inputs. Va 14 supply inputs. These pins are
. i i i Ily connected. V,~ and
Vn . 3 These pins are internally internally 8d. Va
’ | connected through the MF10's Vp~ should be derived from the
f substrate and therefore V,* and same power supply source.
V' shou'= 3¢ derived 'rom the AGND 15 Analog Ground. This pin should
$ame p..over » o ppiy sou be connected to the system gro—
Ls- . Level srft o Trug pu. Zontio~ un_d far dua_l supply operagion or
the digital input threshold level driven to mid 4supply for single
{of the clock inputs, CLKa and supply operation. The non-
CLKa. With the level shift pin at inverting inputs of the filter op
0V and with +5V power supplies, amps are mterr]ally connected
the clock inputs are TTL com- to the AGND pin, therefore
patible. With the level shift pin AGND shouid be well bypassed
connected to V™~ the clock
trput thresholds are approxi-
mately 2V above Vp~.

VAKXV
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MF10

Dual Universal

Switched Capacitor Filter

Definition of Terms

fowk:

Hoge:
Hovp:
Hone:

Qz:

fhotch:

Hocz1:
Hoczz:
Honi:
Honz:!

The frequency applied to the switched capac-
itor filter external clock input.

The center frequency of the second order
complex pole pair, {g, is determined by measur-
ing the peak response frequency at the band-
pass output.

“Quality factor”, or Q, is the ratio of fy to the
-3dB bandwidth of the second order bandpass
filter. Q also determines the amount of ampli-
tude peaking at the lowpass and highpass
outputs, but is not measured at these outputs.

The gain in V/V of the bandpass output at f=f.
See Figure 1.

The gain in WV of the lowpass output as
f—0Hz, See Figure 2.

The gain in WV of the highpass output at
= fe k/2. See Figure 3.

The quality factor of the 2nd order function
complex zero pair, if any.

The center frequency of the 2nd order com-
plex zero pair. It {,is different from f, and Q, is
high, f, can be observed as a notch frequency
at the allpass output.

The frequency of minimum amplitude re-
sponse at the notch output.

The complex zero output gain as f~0Hz.
The complex zero output gain at f = fo /2.
The notch output gain as f ~0Hz.

The notch output gain at f = fo k/2.

g Hoge)_BANOPRSS OUTRUT 7;;1..—'?& <o it

g o> we ol

z

5 ftofu M %‘ (%) ”)
1(L0G SCALE)

Figure 1. Bandpass Filter Terminclogy
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Figure 2. Lowpass Filter Toerminology
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Figure 3. Highpass Filter Terminology
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The Universal State Variabie 2nd Order Active Filter Using RC
integrators

J
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Figure 6. MF10 Universal State Variable 2nd Order Active Filter (Mode 3)
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General Description

The MF10 is a switched capacitor (sampled data) filter.
While the time domain approach most accurately
describes the MF10's transfer functions, time domain
calculations are cumbersome and most circuit de-
signers are more familiar with the frequency domain
approach used in designing RC active filters. Fortun-
ately, the MF10 closely emulates RC active filters when
the sampling frequency is much higher than the
frequency band of interest. The operation of the MF10
can then be described in Bims of the fiwquency
domain with reasonable accuracy. Specifically, each of
the two sections of an MF10 can be treated as a second
order state variable filter. The similarity between the
MF10 and the classic state variable filter allows the use
of the extensive literature available on the design of 2nd
order state variable filters.

The RC second order state variable filter (Figure 5)
requires 3 op amps, 7 resistors, and 2 capacitors. This
filter lacks the frequency stability and tunability of the
MF10 switched capacitor filter. The MF10 excels in
these areas because the center frequency of a switched
capacitor filter is determined by the frequency of the
clock, which, if crystal controlled, can achieve a
stability of a few parts per million over the entire
operating temperature range. Having the center fre-
quency controlled by an external digital clock fre-
quency also simpilifies tuning of the filter since it is
easier to accurately control a variable modulo divider
than it is to precisely vary the time constant of an RC
integrator.

The MF10's maximum guaranteed operating clock
frequency is 1MHz, corresponding to a 20kHz maxi-
mum filter center frequency with a 50:1 clock to center
frequency ratio, and a 10kHz maximum center fre-
quency with a 100:1 clock to center frequency ratio.

_ Filter Design
Simple 2nd Order Bandpass Fliter Design

Ali modes except mode 6 offer a 2nd order bandpass
response. The simplest circuit, mode 1A uses only two
external resistors, but is limited to low Q operation by
output swing limitations. Mode 1 uses three resistors
and is suitable for either low or high Q bandpass
functions. The center frequency of modes 1 and 1A is
determined solely by the external clock frequency.
Modes 2 and 3 are also suitable for bandpass filters,
and are easier to implement in some applications since
the center frequency is controlled by both the external
clock frequency and a resistor ratio. See Table 2.

Second order bandpass filter functions are charac-
terized by Q, center frequency, and gain (or amplitude
response). Resistor selection should follow these steps,
using the design equations for the selected mode:

1) Pick a value for R2, typically 10 to 100 k.

WLAXI VI
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Figure 4. Block Diagram of the MF10

2) For modes 2 and 3 only, determine the value of
R4 using the available external clock frequency and
the selected value for R2. (The center frequency of
mode 1and 1A is determined solely by the external
clock frequency.)

3) Determine the value of R3, using the desired Q
and the previously determined values of R2 and R4.

4) Determine the value of R1 required to obtain the
desired filter gain.

Table 2. MODE SELECTION

FILTER TYPE MODE
Lowpass 1, 1A, 2, 3, 3A, 4, 5, 6A, 6B
Highpass 3, 3A, 6A
Bandpass 1,1A,2,3,3A, 4,5
Notch 2, 3A, 5 (Complex Zero)
Allpass 4,5

OkdW
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MF 10

Dual Universal

Switched Capacitor Filter

Table 3A. NORMALIZED LOWPASS FILTER PARAMETERS

NUMBER | gyTTERWORTH BESSELL - CHEBYSHEY
OF POLES 0.1dB RIPPLE 0.5d8 RIPPLE 2dB RIPPLE
fn Q fn Q fn Q in Q n Q
2 1.0 0.707 1.274 0.577 1.820 0.767 1.231 0.864 0.907 1.129
3 1.0 | Real Pole 1.325 Real Pole 0.969 Real Pole 0.625 Real Pole 0.369 Real Pole
1.0 1.000 1.450 0.691 1.300 1.341 1.069 1.706 0.941 2.552
4 1.0 0.541 1.432 0.522 0.789 0.619 0.597 0.705 0.471 0.929
-1.0 1.307 1.606 0.806 1.153 2.183 1.031 2.941 0.964 4.594
5 1.0 | Real Pole 1.505 Real Pole 0.539 Real Pole 0.362 Real Pole 0.218 Real Pole
1.0 0.618 1.559 0.564 0.797 0.915 0.690 1.178 0.627 1.775
1.0 1.618 1.758 0.817 1.093 3.282 1.018 4,545 0.976 7232
8 1101 0518 " -|—18607 T3 0.518 ] 0.599 ~0.396 0.684 0316 0.902 -
1.0 0.707 1.692 0.611 0.834 1.332 0.768 1.810 0.730 2.844
1.0 1.933 1.908 1.023 1.063 4633 1.011 6.513 0.983 10.462
7 1.0 | Real Pole 1.687 Real Pole 0.377 Real Pole 0.256 Real Pole 0.155 Real Pole
1.0 0.555 1.718 0.532 0.575 0.846 0.504 1.092 0.461 1.646
1.0 0.802 1.82 0.661 0.868 1.847 0.823 2.575 0.797 4115
1.0 2247 2.053 1.126 1.045 6.233 1.008 8.842 0.987 14,280
8 1.0 0.510 1.781 0.506 0.382 9/593 0.297 0.677 0.238 0.892
1.0 0.601 1.835 0.560 0.645 1.183 0.599 1.611 0572 2533
1.0 0.900 1.956 0.711 0.894 2.453 0.861 3.466 0.842 5.584
1.0 2563 2192 1.226 1.034 8.082 1.006 11.530 0.990 18.687

The normalized frequencies for the Butterworth and Bessel filters are for a -3dB frequency of 1Hz. The Chebyshev and Elliptic normalized
frequencies are for filters whose amplitude response passes from the ripple band to the stopband at 1Hz.

Simple Lowpass Filter Design

Use mode 6 or 6A if a single pole lowpass filter is
desired (such as the odd pole in an odd-ordered
complex filter). Single pole resistor values are deter-
mined using the equations for modes 6 and 6A:

1) Select a value for R2, typically 10 to 100 k(.

2) Determine R3, using the selected value of R2,
the available external clock frequency, and the
desired cutoff frequency.

3) Determine the value of R1 to obtain the desired
gain.
Modes 1 and 1A, with a fixed clock to cutoff frequency,
are the simplest 2nd order lowpass configurations.
Modes 2 and 3 allow tuning of the cutoff frequency by
either changing the clock frequency or adjusting
resistor ratios.

Second order lowpass filter functions are charac-
terized by Q, cutoff frequency, and gain (or amplitude
response). Resistor selection should follow these
steps, using the design equations for the selected
mode:

1) Pick a value for R2, typically 10 to 100 k(1.

2) For modes 2 and 3 only, determine the value of
R4 using the available external clock frequency
and the selected value for R2. (The cutoff fre-
quency of mode 1 and 1A is determined solely by
the external clock frequency.)

3) Determine the value of R3, using the desired Q
and the previously determined values of R2 and R4.

4) Determine the value of R1 required to obtain the
desired filter gain.

Simple Highpass Filter Design

Use mode 3 or 3A to implement 2nd order highpass
filters and mode 6 for a single pole highpass filter.

Second order highpass filter functions are charac-
terized by Q, cutoff frequency, and gain (or amplitude
response). Resistor selection should follow these
steps, using the design equations for the selected
made:

1) Pick a value for R2, typically 10 to 100 k{2.

2) For modes 3 and 3A, determine the value of R4
using the available external clock frequency and
the selected value for R2.

3) Determine the value of R3, using the desired Q
and the previously determined values of R2and R4.

4) Determine the value of R1 required to obtain the
desired filter gain.

Multi-pole Filter Design

The two 2nd order filter sections of the MF10 can be
cascaded to obtain a 4th order (4 pole) filter response.
Several MF10s can be cascaded to get very high order
filter responses. Unlike filters based on RC time con-
stants, MF10-based filters usually do not require tuning
of each section since the Q and center frequencies are
precisely controlled by the external clock frequency
and the ratio of external resistors.

The information included here is for the most common
types of multi-pole filters: Butterworth, Bessel, Cheby-
shev, and Elliptic or Cauer. The design information
given is for a 1Hz lowpass filter. However this filter can
be transformed to any desired filter type and frequency
using the following steps:

MAXI/VI
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Dual Universal

Switched Capacitor Filter

Table 3B. CAUER OR ELLIPTICAL FILTER PARAMETERS

NUMBER | STOPBAND EDGE FREQUENCY __ . | STOPBAND EDGE FREQUENCY _ STOPBAND EDGE FREQUENCY __
OF | PASSBAND EDGE FREQUENCY ~ | PASSBAND EDGE FREQUENCY PASSBAND EDGE FREQUENCY
POLES PASSBAND RIPPLE = 0.5dB PASSBAND RIPPLE = 0.5db PASSBAND RIPPLE - 0.5dB
F. Q F, Apin Fa Q F, A F, a Fy Avun
(dB) (dB) (dB)
1082 2732 4182
2 1266 | 0969 83 | 42620 | o803 B9 | yo47 | o737 25
1675 227 3.439
3 0767 | Real Pole 216 | 0603 |Real Pole 312 | 0653 | ResiPale 4238
1072 | 2208 1072 | 1859 1070 | 1697
1502 2143 3.3233
3.478 4992 7.647
4 1.03 3922 382 | 1081 | sa32 486 | 4531 | 3032 64.2
0687 | 1.087 0641 | 113 0615 | 1.159
1.557 2089 3.146
2332 3.251 5.008
5 0.426 | Real Pote 506 | 0393 |Real Pole 661 | 0375 | Real Pole 855
1016 | 6118 1017 | s.193 1017 | 4747
o7se | 1754 0795 | 1723 0705 | 1711

1) Identify the type of transfer function (lowpass,
highpass, bandpass, etc.); the type of response
(Butterworth, Bessel, Chebysheyv, etc.); the num-
ber of poles, and the cutoff frequency.

2) Determine the normalized lowpass filter fre-
qugrécy and Q of each filter section, using Table 3A
or 3B.

3) If a multi-pole transfer function other than
lowpass is desired, perform the filter type trans-
formation, as described below.

4) Denormalize each filter section frequency, fn,
by multiplying the fn by the actual desired cutoff or
center frequency.

5) Select a mode of operation for each filter
section. Mode 3 is suitable for most filters, includ-
ing Bessel and Chebyshev. Butterworth filters can
be implemented using either mode 3 or mode 1.
Elliptical filters can be implemented using modes 2
and 3A. Modes 6 and 6A provide a single, real pole
needed for odd-ordered transfer functions. Alipass
and complex zeroes can be generated in modes 4
and 5.

6)Select a clock frequency. The ratio of clock
frequency to center frequency can be adjusted
with resistor ratios in modes 2,3,5 and 6; allowing
the use of any conveniently available clock fre-
quency that is approximately 20 to 200 times the
desired cutoff or center frequency.

real pole that should be implemented using mode6ora
simple RC section.
Lowpass to Highpass Transformation.

The cutoff frequency and Q of each lowpass section is
transformed using these equations:
fn(highpass) = —————
n(highpass) f(lowpass)
Q(highpass) = Q(lowpass)
Lowpass to Bandpass Transformation.

If the ratio between the upper and lower -3dB cutoff
frequencies is greater than 1.5, the best way to make
the desired bandpass filter is to cascade a lowpass filter
and a highpass filter. The lowpass filter's cutoff fre-
quency should be set to the desired bandpass upper
cutoff frequency, and the highpass filter’s cutotf fre-
quency should be set to the desired bandpass filter
lower cutoff frequency.

For very narrowband filters, several sections with
identical center frequencies can be cascaded. When
identical bandpass filters are cascaded, the Q of the
resultant filter is

Q N2n-1
where Q is the Q of each individual filter section, B is
the bandwidth of each individual filter section, and nis
the number of identical sections cascaded. See table 4.
Table 4. CASCADING
IDENTICAL BANDPASS FILTER SECTIONS

OtdNWN

7) Determine the resistor values for each filter NUMBER OF

section, using the design procedures given in the IDENTICAL BANDPASS BANDWIDTH Q

sections above for simple 2nd order bandpass, SECTIONS

lowpass and highpass filters. 1 10008 100Q
Tables 3A and 3B gives the normalized filter frequency 2 06448 1.55Q
and Q for each second order section of a muiti-pole 3 05108 1.96 Q
filter. Filters with an odd number of poles have one 4 04358 230Q
entry with “real pole” in the Q column. This denotes a 5 03868 260Q

WMAXIV 7
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Dual Universal
Switched Capacitor Filter

Applica tlon Hints

1) The maximum output swing is typically to
within 1V of either supply rail. Check the peak
amplitude response gains, Hogp, HoLp. Honp. and
the input signal level to ensure that the outputs wil
not be driven beyond their maximum output swing
range. This caution particularly applies to mode 1A
when used with high Q values. The section labeled
"Circuit Dynamics” is included in the description
of each mode to clarify the relationship between
the various filter parameters and the output ampli-
tude peaking at the filter outputs. The lower Q
sections of cascaded filters should precede the
seclions with high Q. Thisreduces the pussibility
of output clipping.

2) Theabsolute values of resistors are notcritical, only
the ratios between resistors directly affect filter
operation. The absolute values must be high
enough so that the output drive currents do not
approach the limits of 3mA source current and 1mA
sink current. At the other extreme, resistor values
shouid not be so high that stray leakage currents
and stray capacitances have a significant effect on
circuit operation.

3) Selecting 100:1 operation doubfes the number of
samples per output cycle, and halves the number of
output steps compared to 50:1 operation. On the
other hand, 50:1 allows higher frequency operation
(20kHz max vs. 10kHz max), and also offers better
center frequency stability (£10ppm/°C vs.
+100ppm/°C).

The minimum frequency of operation is limited by
the rate of discharge of the internal switched
capacitors. The droop rate at the output of the
integrators will be approximately 0.1m\V/ms. This
limits the lower value of clock frequency to about
100Hz for reasonable accuracy, corresponding to a
center frequency of 1Hz using the 100:1 mode.

For the best accuracy in setting the center fre-
quency, use the corrections shown in the Typical
Operating Characteristic graphs. These graphs aid
in the correction for the slight interaction between
clock frequency, Q, and center frequency.

As with all sampled data systems, high frequency
components of the input signal above half the clock
rate will be aliased. In particular, input signal com-
ponents with frequencies near the clock rate will
generate difference frequencies that may fail within
the passband of the lowpass and bandpass filters.
Since the ratio of clock frequency to center fre-
quency is approximately 50:1 or 100:1, a simple one
pole passive RC filter will be sufficient fiitering in
many cases. In many other cases the input signal
will itself be band-limited and will not require
additional filtering.

7) The Sa,g input controls the source of feedback into
the three input summer of both sections of the
MF10. If your design requires that the input of one

4

~—

5

~—

o

8

-—

9

~—

section’s summer be grounded and the input to the
other section's summer be connected to the low-
pass output, check to see if Sa/g can be connected
to Vp~ and the lowpass output connection made via
the S14 (or S1g) input.

If large input voltage signals are applied to the filter,
the DC offset voltages of the MF10 may cause
output clipping. For a more detailed discussion see
the section on DC Offsets.

For best resuits, the positive and negative supplies
should be bypased to AGND with a 10xF tantalum
and 0.1uF ceramic capacitors.

Mode 1A
Non-Inverting Bandpass,
Inverting Bandpass, Lowpass.

This minimum component count configuration uses
only two external resistors. The peak gain at the
inverting bandpass output is equal to the Q times the
input voltage, so this circuit should only be used forlow
Qapptications. The ratio of bandpass center frequency
to clock frequency is fixed at either 50:1 or 100:1, as
selected by the 50/100/CL input.

Design Equations

_ ok foLk
fo= J000 ° S0
- R
Q= R2
HoLp = -1
R3
Hosp1 = -R3

Hogpz = 1 (non-inverting)

Circuit Dynamics

Hogpt = Q (this is the reason for the low Q
recommendation)
HoLP (peak} = Q@ X Hoyp (for high Qs)

|

BRgy LPa

2(18} 1(20)

<

Figure 7 Mode 1A
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Mode 1
Notch, Bandpass, and Lowpass

Like Made 1A, fp is fixed at fo /50 or fg k/100. The
gain at all three outputs is inversely proportionat to the
value of R1; and unlike Mode 1A, high Q bandpass
filters can be built without exceeding the output swing
range of the bandpass output amplifier. The notch and
bandpass center frequencies are identical. The notch
output gain is the same above and below the notch
center frequency.

Design Equations

fo= f%oﬁ or %ﬁ
froten = fo

Hole = —%f—

Hoge = -%

HON(as f— O)= - g%'

f R2
Hon(atf="Cl&}= - =
on(at 1= o) - -

Circuit Dynamics

Hogp = HoLp X Q@ =Hon x Q

HoLpr(peak) = @ x HoLp (if the DC gain of the LP output is
too high, a high Q value could cause clipping at the
lowpass output resulting in gain non-linearity and
distortion at the bandpass output).

8P, LPa

2(19) H20)

San yYy——

Dual Universal

Switched Capacitor Filter

Mode 2
Notch, Bandpass, and Lowpass

The circuit of mode 2 is created by adding resistor R4 to
the circuit of mode 1. This fourth resistor causes the
ratio of the bandpass center frequency to clock fre-
quency to be less than the fixed 50:1 or 100:1 ratio of
mode 1. Stated another way, R4 allows the center
frequency of the bandpass filter to be tuned to a higher
frequency while maintaining a constant clock fre-
quency. The notch frequency remains at fo /50 or
fcLk/100, making mode 2 suitable for elliptic highpass
filters, where the complex zero pair- (fhoich) must be
lower than the complex pole (fg).

Design Equations

f R2 f R2
fg = .CLK g CLK ML
0% oV TR O T
ferk fok . _R3 R2
fn= J00 ©f 50 ) Q—R—zx 1+‘FE
_R2
R1
Howp =—q3~ » Hoep= -R3
1+ R
_R2
Hont (ast—0) = :;
v R

R
Hone (atf=f_.__CLK ) = 28 xHopp
2 Ry

Circult Dynamics

Hoge = Q \HoLp X Hon, = Q JHON, X Hon,

R4

AA
VWA—

R2 Na Sl BPa LPa

§, o,
>+

A1g)| 5(8) | =

Vin

Figure 8. Mode 1

AKXV

Figure 9. Mode 2
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MF 10

Dual Universal

Switched Capacitor Filter

Mode 3
Highpass, Bandpass, and Lowpass

This mode is a sampled time (Z transform) equivalent
of the classical 2nd order state variable filter. In this
versatile mode, the ratio of resistors R2 and R4 can
move the center frequency both above and below the
foLk/50 and fo k/100 values. Mode 3 is commonly used
to make muiltiple pole Chebyshev filters with a single
clock frequency. A small (10-100pF) capacitor in par-
allel with R4 may be needed to avoid Q enhancement.

Desig:i Equations

/R2 fCLK R2
R4 R4

_m, (@
Q= R *VRa

- fcu<
fo= 350

R2
Honp= - Ry

R3
Hoer= - &Y

R4
Hop= - gy

Circuit Dynamics

R2
Honp = HoLp (ﬁZ)

HoLp(peak) = @ X HoLp
Hoge = Q+/Howrp X Hovp
HoHp(peak) = Q X Honp

Mode 34~
Highpass, Bandpass, Lowpass, and Notclg

Simitar to mode 3, this mode adds an external op amp;
This op amp creates a notch output by summing the
highpass and lowpass outputs of the MF10. The ratio of
resistors Ry and R adjusts the notch frequency, while
R2 and R4 adjust the bandpass center frequency. Since
the notch (zero pair) frequency can be adjusted to both
above and below fg, mode 3A is suitable for both
lowpass and highpass elliptic or Cauer filters. in multi-
pole elliptic filters only one external op amp is needed.
Use the inverting input of the internal op amp as the
summing node for all but the final section of the filter.

Design Equations

= fok fouk J_
o= o5 x n4 G or %0~

_m  [R
O R X Jra
= fak, Bu, fok, /Ry
froch = 00 X WA, " 80 X N RL
/2 R4 R3
Howp= -R7. Hop= -Rgy Hoep= -R3

Hon (at = fo) =|a (RS HOLP-R— Houe)|

R
Honi{asf—0) = -R—G- x HoLp

fok\_ HG
HONz(at f= T}‘ A Hone

BPA  LP

2(195j 1(205]
[

Rz HPa Sis BPa  LPy

z(w? 1(20)

3(18

AL Rg

NOTCH
out

= EXTERNAL
OP AMP

Figure 10. Mode 3
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Figure 11. Mode 3A
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Dual Universal

Switched Capacitor Filter

‘Mode 4

Alipass, Bandpass, and Lowpass

Mode 4 provides an allpass output which has a nearly
flatamplitude response with a phase shift that changes -
linearly with frequency (a constant time delay). For a
fltat amplitude response R2 must equal R1, fixing the

allpass gain at -1.

Design Equations

f f
- o or T

f; (frequency of complex zero pair) = fo

- B3
Q= &

Q; (Q of complex zero pair) = %

R2
Hoap = avi -1

R2
Howp = —(m + 1)= -2

- _(1.B2), B3 A3
Hose = ~(1 7 ) x B3 =268

Circuit Dynamics

Hopp = HoLp x Q = (Hoap + 1)Q

Mode 5
Complex Zero, Bandpass, and Lowpass

The addition of R4 to the circuit of mode 4 allows the

independent tuning of the complex zero frequency, fz,

and the complex pole frequency, fo. Mode 5 can
achieve a more constant allpass amplitude vs. fre-
quency response than can be achieved with mode 4.

Design Equations

- feowk RZ  fcik R2
fo= oo X1 *Ra® B0 XN ma

= fek, /1R _fok, [y RI
= o' R BN

LR, [UR2
Q= R*V1* Ra
_ R3 _R
Q= gy R4

R2(R4 - R1)
Ri(R2+ Ra)

Hoczz (at f =_f02LK) - R2

Hoczi (ast—0) =

" R1

R3 R2
Hoer = 75 X(‘ +ﬁ1')

_ R4 (R2+RI
Hotp = g3 X(R2+R4>

LPa

1(20)

Sam W

Figure 12. Mode 4

MNAKXIVI

Figure 13. Mode 5
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MF 10

Dual Universal

Switched Capacitor Fiiter

Mode 6A
Single Pole; Highpass and Lowpass

This circuit provides a single real pole for use in odd-
ordered cascaded filters. Unlike the simpie RC pole
used in continuous filters, the MF10 single pole filter
can be tuned by simply changing the clock frequency.
The cutoff frequency is also resistor tunable.

Design Equations

f R2 f R2
f. (cutoff frequency) = —%‘é‘-x (R—S) or —%’6—" x(—H—3>
R
Howr= -g/7

R2
Howe= -R/7

120)

Figure 14. Mode 6A

Mode 6B
-Single Lowpass Pole; Inverting and Non-Inverting

As with mode 6A, this mode is useful in implementing
filters with an odd number of poles.

Design Equations

¢ .
f (cutoff frequency) = %g x(g%) orl%'a_"x (.g%)

Hopp (inverting output) = - ;—2

Horp (non-inverting output) = +1

(NINY) (INV)
n2 LPa  Vin LPa

420}

MF10 Offsets

The MF10's switched capacitor integrators have higher
equivalent input offsets than the typical RC integrator
in a continuous active filter. The MF10 offsets are
produced by parasitic charge injection from the
switches into the integrating capacitors. These offsets
are relatively independent of clock frequency and
temperature. The input offset of the CMOS op amps
also contribute to the ovesall offset error, but these
offsets are small in comparison to the offsets caused by
charge injection. Figure 16 shows the equivalent circuit
for calculating output DC offsets.

Vos1 = 0mV to £10 mV

Vosz = charge injected offset plus op amp offset
= -60 mV to -80 mV (50:1)

Voss = charge injected offset plus op amp offset
=+100 mV to +150 mV (at 50:1)

(At-100:1 the Vosp and Vogs are approximately
doubled.)

Using the same designation for resistors as are used in
Figures 7 to 15, the output offsets can be calculated as
shown below.

‘Mode 1 and Mode 4 Oulput Offsets
Vos(N) = Vosi (é—ﬂ + |Hovel ) - -98“

Vos(er) = Vosa
Vosp) = Vosvy - Vosz

Mode 2 and Mode 5 Output Offsets
R2 1
Vosin) =(‘H‘p * 1) Vos1 X TRy

1 Voss
1+R4/R2 Qw1 +R2/R4
Rp = R1//R2//R4

+Vosz2

Vosp) = Voss
Vosp) = Vos(n) - Vosz

Figure 15. Mode 68

12

Figure 16. MF10 Otfset Model
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Mode 3 Output Offsets

Vosp) = Vosz2
Vosp) = Voss

R4 /R2
- R—2 X <?H—3- V033 + V032)+

R4 (. R2
R x(1v RP)VOS‘

Vos(Lp) =

Rp = R1//R3//R4

Mode 1A Qutput Offsels
\

Vos(N.INVBP) = (1 +é) Vos: - -2
Vos(INV.BP) = Voga

Vos(LP) = Vos{N.INV.BP) - Vg2

In most applications the outputs are AC coupled and
the DC offsets present no problem unless large input
voltages are applied to the filter.

For Mode 3 operation it should be noted that the use of
small R2/R4 ratios and high Q will produce an LP
output with a couple of volts DC offset and an offset

Dual Universal

Switched Capacitor Filter

adjustment should be made. Make the offset adjust- -

ment by injecting a small amount of current into the
first op amp’s inverting input (see Figure 17). This
changes Vpgy but leaves the output DC offset of the
integrators unchanged.

Figure 17. Vo Adjustment

- Application Examples
* 4th Order, 2kHz Lowpass Butierwoth Filter

A 4th order lowpass filter can be made by cascading
the two second order filter sections of the MF10 (See
Figure 18). Table 3 shows that the two sections of a
Butterworth 4th order filter will have the same cutoff
frequency, with one stage having a Q of 0.541 and the
other stage having a Q of 1.307. Any of the modes may
be used, but mode 1A uses only 2 resistors per section,
and should therefore be used. The Q of both sections is
_low, so output clipping will not be a problem.

Using the 2nd order lowpass filter design steps shown
in the Filter Design section, the resistor values for the
first filter section can be calculated as follows:

> o
> Ay

AAA
v

Vour ~+—

<R3 QR
526k 100k()

* 130k(} & 100k()

20 19 il 17 18 15 14 13 12 11

Py BPy NAP/  INVg S1g AGND \/Y Voo S0/100/  CiKp
HPy cL
MAXIMN
MF10
. N/AP/

LPa BPa HPa INVa S1a Sam Va* Yp* L 8h CLKa

1 2 3 4 H [ 4 [}

_[o 10

TTL CLK
200 kg

Figure 18. 4th Order, 2kHz Lowpass Butterworth Filter

MAXI
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MF10

Dual Universal

Switched Capacitor Filter

Mode = 1A
fo = 2kHz
Q =054
1) Let R2 be 100kA.
2) fg=2kHz= f%—: {pin 12 mid-supply)

so fcLk = 200kHz (pin 12 mid-supply)
fcLk = 100kHz with pin 12 high.
3 .
) Q= _53_ s
B2

s0 R3 = Q x R2 = 0.541 x 100k} = 54.1k{}.
Picking the nearest 1% resistor value, R3 =53.6 k{1

Using similar calculations for the second filter section,
R2=100k{} and R3 = 130k (1.

The output of the first section, LP 4 (pin 1), is the input
for the second stage, at S1g (pin 16). The filter outputis
at LPg (pin 20). With 5V supplies and the Level Shift
pin connected to ground, the digital input threshold of
the CLK inputs is about 1.6V. The CLK inputs can
therefore be driven by either TTL or CMOS logic levels.
The 50/100/CL pin is grounded, which selects a 100:1
ratio between the clock frequency and the lowpass
cutoff frequency.

4th Order Chebyshev Lowpass Fiiter

Figure 19 shows a 4th order Chebyshev lowpass filter
with the following specifications:

Passband Ripple = 2dB (nominal)
Cutoff Frequency = 5kHz

The filter uses a 200kHz clock for both sections.

Table 3 shows that for a 2d8 ripple, 4th order Cheby-
shev filter the parameters of the two sections are:
fn=0.471,Q=0929
and
fh=0.964 , Q= 4.594

Either mode 3 or mode 2 is suitable for this filter. The
resistors for mode 2 can be caiculated as follows:

1) Let R2=10k(.

2) For the first section f, = 0.471, so for a SkHz cutoff
fo = 0.471 x 5kHz = 2.355kHz

Using the mode 2 equation for fy,

fok « [1+B2

100 R4

and using 200kHz for fo k R4 is calculated as 25.87k (.
The closest 1% resistor value of 26.1k(1 is chosen.

3) The mode 2 formula for Q is

Q= R, [{+ R
R2 R4
Using Q= 0.929 and the previously determined

values for R2 and R4, R3 is calculated as 7.9k(.
The closest 1% value, 787k} is used.

4) Choose R1 tor the desired filter gain. In this
example R1 is 10kQ. )

Repeat the above steps for the second section, with f, =

0.964 ‘and Q = 4.594, If R2 is chosen to be 10k(}, the

value of R4 will be 2.1kl and the value of R3 will be

0=

e —————

AA

AAA

e
| 29K —AA— = -
> A1 Ay b
> 20k 190K —AAA .
' RY
ki1
. 19 kL) 7 16 15 14 13

191k
2 11

LPy BPs N/APY INVg S1p AGND va© Yo 50100/ CLKg
HPp cL
maxam
MF10
. NP/
LPa BPA HPs INVA B1a  Sys  Va'  Vp*  LvS8h  ClKa
1 2 3 4 5 [] 7 a 9 10
R2
10k}
R3 AAA, 200 kMz
T8RO T
e Lo, or
209KN CMOs
VWA = = cLoek
R1 0k +5V
YN A

Figurs 19. 4th Order Chebyshev 5kHz Lowpass Filter
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Dual Universal

Switched Capacitor Filter

Switched Capacitor
Filter Fundamentals

While it is not necessary to understand the internal
operation of the MF10 in order to use it, a basic
understanding of switched capacitor operation may
help in optimizing designs.

Figure 20 shows a standard integrator using an op amp.
The time constant is determined by the passive com-
ponents, R and C. When a positive input voltage is
applied, the integrator output will ramp downward ata
rate determined by the input voltage and the time
constant, RC. This ramp has a slope of

AV o VIN

AT RC

Figure 21 is a simple inverting switched capacitor in-
tegrator, where the R of the standard integrator has
been replaced by a capacitor and two analog switches,
S1and S2. As S1 and S2 alternately open and close at
the rate set by the clock input, first C1is charged to the
input voltage, then C1 transfers its charge into the
capacitor C2. This creates a series of voltage steps on
the integrator output, with each voltage step having a
value of -Vy x C1/C2. If the vaiue of C1 is small
compared to C2, the series of steps at the integrator
output approximates a ramp with the slope

AV _ Vin X fok x Ct

AT C2
where fc« is the frequency of the clock input.

This equation is similar to that of the standard integra-
tor, but with the sampled capacitors time constant of

c2
Cix fCLK

replacing the standard integrators time constant of RC.
The center frequency of an RC based 2nd order state
variable filter is

fo = —._1
27RC
The center frequency of a switched capacitor 2nd
order state variable filter is approximately
fo= foLk x C1
2rC2
The ratio of C2/C1 in the MF10 is approximately 8 when

the 50/100/CL input selects a 50:1 clock to center
frequency ratio, and the ratio of C2/C1 is approxi-

MNAXI/N

mately 16 when the 50/100/CL input selects a 100:1
clock to center frequency ratio. Substituting these
C2/C1 ratios in the above formula, the MF10 fyequation
(for modes 1 and 6) results:

1o =_TCLK_ (50/100/CL Input High)

50

or

fo = _TCLK_(50/100/CL Input Mid-supply)
100

The integrators used in the MF10 are non-inverting,
and use the basic switching scheme of Figure 22. The
switches ground one side of the input capacitor C1
when itis connected to the input; and connect the other
side to ground while it is connected to the op amp’s
input. By changing the polarity of C1inthis manner, an
additional inversion is added, and overall operation is
non-inverting. This means the direction of the voltage
ramp at the output of the integrator has the same
polarity as V.

Figure 20. Typical RC integrator

Figure 22. The Non-Inverting Integrator Used in the MF10

15
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MF 10
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Switched Capaciltor Filter
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