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MF10-N Universal Monolithic Dual Switched Capacitor Filter

Check for Samples: MF10-N

FEATURES

Easy to Use

Clock to Center Frequency Ratio Accuracy
+0.6%

Filter Cutoff Frequency Stability Directly
Dependent on External Clock Quality

Low Sensitivity to External Component
Variation

Separate Highpass (or Notch or Allpass),
Bandpass, Lowpass Outputs

fo x Q Range up to 200 kHz
Operation up to 30 kHz
20-pin 0.3" Wide PDIP Package

20-pin Surface Mount (SOIC) Wide-Body
Package

DESCRIPTION

The MF10-N consists of 2 independent and extremely
easy to use, general purpose CMOS active filter
building blocks. Each block, together with an external
clock and 3 to 4 resistors, can produce various 2nd
order functions. Each building block has 3 output
pins. One of the outputs can be configured to perform
either an allpass, highpass or a notch function; the
remaining 2 output pins perform lowpass and
bandpass functions. The center frequency of the
lowpass and bandpass 2nd order functions can be
either directly dependent on the clock frequency, or
they can depend on both clock frequency and
external resistor ratios. The center frequency of the
notch and allpass functions is directly dependent on
the clock frequency, while the highpass center
frequency depends on both resistor ratio and clock.
Up to 4th order functions can be performed by
cascading the two 2nd order building blocks of the
MF10-N; higher than 4th order functions can be
obtained by cascading MF10-N packages. Any of the
classical filter configurations (such as Butterworth,
Bessel, Cauer and Chebyshev) can be formed.

For pin-compatible device with improved performance
refer to LMF100 datasheet.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of the Texas
Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.
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System Block Diagram
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Package in 20 pin molded wide body SOIC and 20 pin PDIP.

A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

Absolute Maximum Ratings Y@

Supply Voltage (V" - V") 14V
Voltage at Any Pin Vi +o3v
V™ -0.3vV

Input Current at Any Pin®) 5 mA
Package Input Current® 20 mA
Power Dissipation® 500 mW
Storage Temperature 150°C
ESD Susceptability® 2000V
Soldering Information N Package: 10 sec 260°C
SO Package Vapor Phase (60 Sec.) 215°C
Infrared (15 Sec.) 220°C

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not
apply when operating the device beyond its specified operating conditions.

(2) If Military/Aerospace specified devices are required, please contact the Texas Instruments Sales Office/Distributors for availability and
specifications.

(3) When the input voltage (V)y) at any pin exceeds the power supply rails (Viy < V™ or Viy > V*) the absolute value of current at that pin
should be limited to 5 mA or less. The 20 mA package input current limits the number of pins that can exceed the power supply
boundaries with a 5 mA current limit to four.

(4) The maximum power dissipation must be derated at elevated temperatures and is dictated by Tjyax, 034, and the ambient temperature,
Ta. The maximum allowable power dissipation at any temperature is Pp = (Tjvyax — Ta)/0;a Or the number given in the Absolute
Maximum Ratings, whichever is lower. For this device, Tjyax = 125°C, and the typical junction-to-ambient thermal resistance of the
MF10ACN/CCN when board mounted is 55°C/W. For the MF10AJ/CCJ, this number increases to 95°C/W and for the
MF10ACWM/CCWM this number is 66°C/W.

(5) Human body model, 100 pF discharged through a 1.5 kQ resistor.
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Operating Ratings®

‘ Temperature Range (Tyn < Ta < Tyax)

MF10ACN, MF10CCN, MF10CCWM

0°C = Tp=70°C

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not
apply when operating the device beyond its specified operating conditions.

Electrical Characteristics
V* = +5.00V and V™ = -5.00V unless otherwise specified. Boldface limits apply for Ty to Tyax; all other limits T, =T, =

25°C.
MF10ACN, MF10CCN,
» MF10CCWM )
Symbol Parameter Conditions Tosted Dosi Units
) este esign
Typical™ || imit@ | Limit ®
vt -v- Min 9 \%
Supply Voltage M 14
ax
Is Maximum Supply Current Clock Appl_led {0 Pins 10 & 11 8 12 12 mA
No Input Signal
fo Min fo x Q <200 kHz 0.1 0.2 Hz
Center Frequency Range
Max 30 20 kHz
fCLK Min 5.0 10 Hz
Clock Frequency Range M s 10 MH
ax . . z
fewkffo | 50.1 Clock to Center Frequency MF10A _ Vpi”li =5V 0.2 0.6 0.6
L . Q =10, Mode 1 fCLK =250
Ratio Deviation MF10C KHz +0.2 +1.5 +1.5
%
foLk/f . MF10A Vpin12 = OV 0.2 +0.6 +0.6
cLk/lo 100_.1 CIO(_:k to Center Frequency Q=10, Mode 1 | Plnli 500 kHz
Ratio Deviation MF10C CLK +0.2 +1.5 +15
Clock Feedthrough Q =10, Mode 1 10 mV
Vpin12 = 5V
, fok =250 kHz | *2 *6 *6
Q Error (MAX)® Q = 10, Mode 1 %
;/pin12 :(())(;/k +2 +6 +6
cLk = 500 kHz - B B
HoLp DC Lowpass Gain Mode 1 R1 = R2 = 10k 0 +0.2 +0.2 dB
Vos1 DC Offset Voltage ® +5.0 +20 +20 mv
Vos2 Min \gpinllzf=j'55\0/ SaB = \al -150 -185 -185 mv
. Max (feuilfo = 50) -85 -85
DC Offset Voltage® - -
Min Vpin12 =+5V Sag =V
Max (fewkdfo = 50) -0 mv
Vos3 Min Vpin12 =+5V All Modes =70 -100 =100
DC Offset Voltage® = (feLx/fo = 50) 0 0 mv
Vos2 Xpinllzf =_0\:{00) Spe = V' -300 mv
DC Offset Voltage ® VCLK o _OV s v
pini2 = AB = _
(feLk/fo = 100) 140 mv
Vos3 DC Offset Voltage(S) Xg[\ilzf: :0\{00) All Modes ~140 mv
Vout Minimum Output BP, LP Pins | R, =5k +4.25 +3.8 +3.8 \%
Voltage Swing N/AP/HP Pin | R_ = 3.5k +4.25 +3.8 +3.8 \%
GBW Op Amp Gain BW Product 2.5 MHz
SR Op Amp Slew Rate 7 V/us
(1) Typicals are at 25°C and represent most likely parametric norm.
(2) Tested limits are ensured to AOQL (Average Outgoing Quality Level).
(3) Design limits are specified but not 100% tested. These limits are not used to calculate outgoing quality levels.
(4) The accuracy of the Q value is a function of the center frequency (fo). This is illustrated in the curves under the heading “Typical
Performance Characteristics”.
(5) Vosi1, Vosz2, and Vg3 refer to the internal offsets as discussed in OFFSET VOLTAGE.
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Electrical Characteristics (continued)

V* = +5.00V and V™~ = -5.00V unless otherwise specified. Boldface limits apply for Ty to Tyax; all other limits T, = T, =
25°C.

MF10ACN, MF10CCN,

" MF10CCWM _
Symbol Parameter Conditions - Units
Tvpical® Tested Design
yp Limit® | Limit ®
Vyin12 = +5V, (foLk/fo = 50 83 dB
Dynamic Range ® pini2 (ferlfo )
Vpin12 =0V, (fCLK/fO = 100) 80 dB
Isc Maximum Output Short Circuit Source 20 mA
Current( Sink 3.0 mA

(6) For +5V supplies the dynamic range is referenced to 2.82V rms (4V peak) where the wideband noise over a 20 kHz bandwidth is
typically 200 pV rms for the MF10-N with a 50:1 CLK ratio and 280 pV rms for the MF10-N with a 100:1 CLK ratio.

(7) The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then
shorting that output to the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its
maximum negative voltage swing and then shorting that output to the positive supply. These are the worst case conditions.

Logic Input Characteristics
Boldface limits apply for Ty to Tyax; all other limits T, = T; = 25°C

MF10ACN, MF10CCN, MF10CCWM
Parameter Conditions T i Units
At ested Design
Typical Limit® Limit®
Min Logical “1” V' = 45V V- = <5V V. ov +3.0 +3.0 \%
=+ y = - s =
CMOS Clock Input | Max Logical “0” Len -3.0 -3.0 v
Voltage Min Logical “1” . B +8.0 +8.0 v
—— V" =410V, V7 = 0V, V g, = +5V
Max Logical “0 +2.0 +2.0 \%
Min Logical “1” V' = 45V V- = <5V V. ov +2.0 +2.0 \%
=+ y = - s =
TTL Clock Input Max Logical “0" Lsh +0.8 +0.8 v
Voltage Min Logical “1” . B +2.0 +2.0 v
—— V" =410V, V7 = 0V, Vigp = 0V
Max Logical “0 +0.8 +0.8 \%

(1) Typicals are at 25°C and represent most likely parametric norm.
(2) Tested limits are ensured to AOQL (Average Outgoing Quality Level).
(3) Design limits are specified but not 100% tested. These limits are not used to calculate outgoing quality levels.
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POWER SUPPLY CURRENT (mA)

NEGATIVE OUTPUT SWING (V)

POSITIVE OUTPUT SWING (V)

Typical Performance Characteristics

Power Supply Current vs.
Power Supply Voltage
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Negative Output Swing vs. Temperature
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Typical Performance Characteristics (continued)

Q Deviation vs. Temperature
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Typical Performance Characteristics (continued)
fcLk/fo Deviation vs. lock Frequency
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PIN DESCRIPTIONS

LP(1,20), BP(2,19), N/AP/HP(3,18) The second order lowpass, bandpass and notch/allpass/highpass outputs.
These outputs can typically sink 1.5 mA and source 3 mA. Each output typically swings to within 1V of
each supply.

INV(4,17) The inverting input of the summing op-amp of each filter. These are high impedance inputs, but the
non-inverting input is internally tied to AGND, making INV, and INVg behave like summing junctions (low
impedance, current inputs).

S1(5,16) S1is a signal input pin used in the allpass filter configurations (see modes 4 and 5). The pin should be
driven with a source impedance of less than 1 kQ. If S1 is not driven with a signal it should be tied to
AGND (mid-supply).

Sai(6) This pin activates a switch that connects one of the inputs of each filter's second summer to either AGND
(Sass tied to V7) or to the lowpass (LP) output (Syg tied to V*). This offers the flexibility needed for
configuring the filter in its various modes of operation.

Vo (7),Vp*(8) Analog positive supply and digital positive supply. These pins are internally connected through the
IC substrate and therefore V,* and V" should be derived from the same power supply source. They have
been brought out separately so they can be bypassed by separate capacitors, if desired. They can be
externally tied together and bypassed by a single capacitor.

V,7(14), Vp (13) Analog and digital negative supplies. The same comments as for V,* and Vp* apply here.

LSh(9) Level shift pin; it accommodates various clock levels with dual or single supply operation. With dual +5V
supplies, the MF10-N can be driven with CMOS clock levels (£5V) and the LSh pin should be tied to the
system ground. If the same supplies as above are used but only TTL clock levels, derived from 0V to +5V
supply, are available, the LSh pin should be tied to the system ground. For single supply operation (OV
and +10V) the V,~, Vp pins should be connected to the system ground, the AGND pin should be biased at
+5V and the LSh pin should also be tied to the system ground for TTL clock levels. LSh should be biased
at +5V for CMOS clock levels in 10V single-supply applications.

CLKA(10), CLKB(11)Clock inputs for each switched capacitor filter building block. They should both be of the
same level (TTL or CMOS). The level shift (LSh) pin description discusses how to accommodate their
levels. The duty cycle of the clock should be close to 50% especially when clock frequencies above 200
kHz are used. This allows the maximum time for the internal op-amps to settle, which yields optimum filter
operation.

50/100/CL(12) By tying this pin high a 50:1 clock-to-filter-center-frequency ratio is obtained. Tying this pin at mid-
supplies (i.e. analog ground with dual supplies) allows the filter to operate at a 100:1 clock-to-center-
frequency ratio. When the pin is tied low (i.e., negative supply with dual supplies), a simple current limiting
circuit is triggered to limit the overall supply current down to about 2.5 mA. The filtering action is then
aborted.

AGND(15) This is the analog ground pin. This pin should be connected to the system ground for dual supply
operation or biased to mid-supply for single supply operation. For a further discussion of mid-supply
biasing techniques see the Applications Information. For optimum filter performance a “clean” ground must
be provided.

Definition of Terms

fck: the frequency of the external clock signal applied to pin 10 or 11.

fo: center frequency of the second order function complex pole pair. fy is measured at the bandpass outputs of
the MF10-N, and is the frequency of maximum bandpass gain (Figure 17).

frotch: the frequency of minimum (ideally zero) gain at the notch outputs.

f,: the center frequency of the second order complex zero pair, if any. If f, is different from fy and if Q2 is high, it
can be observed as the frequency of a notch at the allpass output (Figure 26).

Q: “quality factor” of the 2nd order filter. Q is measured at the bandpass outputs of the MF10-N and is equal to fg
divided by the -3 dB bandwidth of the 2nd order bandpass filter (Figure 17). The value of Q determines the
shape of the 2nd order filter responses as shown in Figure 22.
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Qz: the quality factor of the second order complex zero pair, if any. Qy is related to the allpass characteristic,
which is written:

Sw
HOAP(52 -2+ woz)
Qz

Hap(s) = .90 oot
Q 1)

where Qz = Q for an all-pass response.

Hogp: the gain (in V/V) of the bandpass output at f = f5.

Hovp: the gain (in V/V) of the lowpass output as f — 0 Hz (Figure 18).

Honp: the gain (in V/V) of the highpass output as f — fg /2 (Figure 19).

Hon: the gain (in V/V) of the notch output as f — 0 Hz and as f — f; «/2, when the notch filter has equal gain
above and below the center frequency (Figure 20). When the low-frequency gain differs from the high-frequency
gain, as in modes 2 and 3a (Figure 27 and Figure 24), the two quantities below are used in place of Hpy.

Honi: the gain (in V/V) of the notch output as f — 0 Hz.
Hong: the gain (in V/V) of the notch output as f — fe /2.
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Figure 17. 2nd-Order Bandpass Response
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Figure 18. 2nd-Order Low-Pass Response
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Figure 19. 2nd-Order High-Pass Response
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Figure 20. 2nd-Order Notch Response
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Figure 21. 2nd-Order All-Pass Response
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Figure 22. Response of various 2nd-order filters as a function of Q.
Gains and center frequencies are normalized to unity.
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Modes of Operation

The MF10-N is a switched capacitor (sampled data) filter. To fully describe its transfer functions, a time domain
approach is appropriate. Since this is cumbersome, and since the MF10-N closely approximates continuous
filters, the following discussion is based on the well known frequency domain. Each MF10-N can produce a full
2nd order function. See Table 1 for a summary of the characteristics of the various modes.

MODE 1: Notch 1, Bandpass, Lowpass Outputs:

froteh = fo (See Figure 23) 2)
fo= center frequency of the complex pole pair
f
_ fok  fok
100 50 3)
fhoten= center frequency of the imaginary zero pair = fs.
R2
HoLp = Lowpass gain(asf — 0) = a1
. R3
Hogp = Bandpass gain (atf = fo) = m
— . f—0 _ —Ra
Hon = Notch output gain as f— fCLK/Z} = —R1
4
_fo RS
 TEw R (5)
= quality factor of the complex pole pair
BW = the -3 dB bandwidth of the bandpass output.
Circuit dynamics:
H
HoLp = —22F or Hogp = HoLp x Q
= Hon X Q.
HoLp(peak) = Q * HoLp (for high Qs) 6)
MODE 1l1a: Non-Inverting BP, LP (See Figure 24)
fok  fok
fo =-="or—==
° 100 % 50
R3
@ "R
HoLp = —1; HoLp(peak) = Q X HoLp (for high Q’s)
oo _ 3
OBP4 R2
Hosp,= 1 (Non-Inverting)
Circuit Dynamics: Hogpy = Q @)
LPy
1(20)
Figure 23. MODE 1
Copyright © 1999-2013, Texas Instruments Incorporated Submit Documentation Feedback 15
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VN should be driven from a low impedance (<1 kQ) source.

S1a (BPa)y

5(16) 2(19)

Figure 24. MODE la

MODE 2: Notch 2, Bandpass, Lowpass: f,..n < fo (See Figure 25)

fo = center frequency

o LT o
100 VR4 R4
frotch %( or fCS_I(-)K‘
Q = quality factor of the complex pole pair
VR2/R4 + 1
R2/R3
HoLp = Lowpass output gain (as f —> 0)
R2/R1
R2/R4 + 1
Hosp = Bandpass output gain (at f = fg) = —R3/R1
Hony = Notch output gain (as f — 0)
R2/R1
" R2/R4 + 1

f
Hon, = Notch output gain (asf N %) —R2/R1

Filter dynamics: Hogp = QvHoLp Hon, = vHont Honz

MODE 3: Highpass, Bandpass, Lowpass Outputs (See Figure 26)

o fCLK / 2 fCLK R2
100

Q = quality factor of the complex pole pair
_ R 3
R4 R2

Honp = Highpass Gain

R2
Circuit dynamics: — = )
R4  Horp

Hosp = VHoHp X HoLp X Q
HoLp(peak) = Q X HoLp (for high Q’s)
HoHpP(peak) = Q X Honp (for high Q’s)

®

©
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LPa

1(20)

BPa

2(19)

]

LPa

1(20)

*In Mode 3, the feedback loop is closed around the input summing amplifier; the finite GBW product of this op amp
causes a slight Q enhancement. If this is a problem, connect a small capacitor (10 pF — 100 pF) across R4 to provide

some phase lead.
Figure 26. MODE 3
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MODE 3a: HP, BP, LP and Notch with External Op Amp (See Figure 27)

¢ fCLK 2 fCLK
o 100 \/ V

R2

== ><

Q R4 R2

R2
HoHp = —g7

R3
Hosp = —g7

R4
Howp = =57

_ _fok / h o fCLK /
fn = notch frequency 100

Hon = gain of notch at
Rg R
f="fo=|Q HoLp — 5= HoHp
R Rn
i R
Hn1 = gainof notch (asf — 0) = R X HoLp
[
f
Hn2 = gain of notch (asf - %)
R
= X Honp
Rh

(10)

MODE 4: Allpass, Bandpass, Lowpass Outputs (See Figure 28)

fo = center frequency

f
_fok o, fCLK;
100 50

f,* = center frequency of the complex zero = fg

_fo _R3
" BW RZ2

R3
Qz = quality factor of complex zero pair =——

For AP output make R1 = R2

R1

R2

f
Hoap* = Allpass gain (ato <f< C;-K) —— = 1

Lowpass gain (as f — 0)

R2
~(Ba1)- 2
R1

Bandpass gain (at f = fp)

R3< R2) (RS
= 1+—]=-2(=
R2 R1 R2

HoLp

Hosp

R1

Circuit Dynamics: Hogp = (HoLp) X Q = (Hoap + 1)Q

11)

*Due to the sampled data nature of the filter, a slight mismatch of f, and f5 occurs causing a 0.4 dB peaking
around fgy of the allpass filter amplitude response (which theoretically should be a straight line). If this is

unacceptable, Mode 5 is recommended.
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HPa Sta BPa LPa

I%’(19) 1(20)

R2

3(18)
4(17)

ViN

' \AAd h
M NOTCH
o>t
EXTERNAL

= opamp

Figure 27. MODE 3a

APy st BPa LPy

5(16) 2(19) 1(20)

Figure 28. MODE 4

MODE 5: Numerator Complex Zeros, BP, LP (See Figure 29)

R2 f R2 f
fo =41+ oo x oo 14 25 CK
R4 100 R4 50
R2 f
[, _R2 fax . [, _BRl fox
R4 100 R4 50

R3
Q =1+ R2/R4 X —
R2

fz

—F— RS
Vi — R1/R4 X m

Qz

Ho,; = gainat C.Z. output (as f — 0 Hz)
-R2(R4 — R1)
R1(R2 + R4)
) ~ “R2

- foLk
Ho,, = gainatC.Z. output (asf - 5 YN

R2 R3

Hogp = — m+1 XE
_<R2+R1) Xﬁ
R2 + R4 R1 (12)

HoLp
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MODE 6a: Single Pole, HP, LP Filter (See Figure 30)
fc = cutoff frequency of LP or HP output
= R2 fok or R2 foLk
R3 100 =~ R3 50
R3
H = ——
oLP R1
R2
Honp = —&7
(13)
MODE 6b: Single Pole LP Filter (Inverting and Non-Inverting) (See Figure 31)
fe = cutoff frequency of LP outputs
_ R2 foik or R2 fo g
~ R3 100 ~ R3 50
HorLp1 = 1 (non-inverting)
R3
Hop2 = —5
(14)
—n-
R2 C.Zp S1a BPa LPa
5(16) ;‘2(19) I;;l(zm
b_‘»b_"
?s ’J_:.‘ ¢ o
- R3
v* J'A'A'
Figure 29. MODE 5
I7_'2I(19) 1(20)
»
| > LP
Figure 30. MODE 6a
Rz LPa(N.NV) ViN LPa (INV)
5(16) I%--zl(w) 1(20)
(e,
3
Figure 31. MODE 6b
20 Submit Documentation Feedback Copyright © 1999-2013, Texas Instruments Incorporated

Product Folder Links: MF10-N


http://www.ti.com/product/mf10-n?qgpn=mf10-n
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOS547C&partnum=MF10-N
http://www.ti.com/product/mf10-n?qgpn=mf10-n

13 TEXAS
INSTRUMENTS MF10-N

www.ti.com SNOS547C —JUNE 1999—-REVISED APRIL 2013

Table 1. Summary of Modes. Realizable filter types (e.g. low-pass) denoted by asterisks.
Unless otherwise noted, gains of various filter outputs are inverting and adjustable by resistor ratios.

Number of .
Mode BP LP HP | N | AP Resistors Adjustable fc k/fo Notes
1 * * * 3 No
la Hogp1 = -Q May need input buffer. Poor
Hoppz = +1 Hotp +1 2 No dynamics for high Q.
2 * * % 3 Yes (above fc /50 or
fcLk/100)
Universal State-Variable Filter. Best
* * *

3 4 Yes general-purpose mode.

3a * * x| x 7 Yes As above, but also includes resistor-
tuneable notch.

4 * * * 3 No Gives Allpass response with Hoap =
-1 and HOLP =-2.

5 * * * 4 Gives f_Iatter allpass response than
above if Ry = Ry, = 0.02R4.

6a * * 3 Single pole.

eb HOLPL ="+l 2 Single pole

HOLP2 = -R3/R2 gle pole.
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APPLICATIONS INFORMATION

The MF10-N is a general-purpose dual second-order state variable filter whose center frequency is proportional
to the frequency of the square wave applied to the clock input (f; k). By connecting pin 12 to the appropriate DC
voltage, the filter center frequency fy can be made equal to either f; /100 or fo «/50. fo can be very accurately
set (within £6%) by using a crystal clock oscillator, or can be easily varied over a wide frequency range by
adjusting the clock frequency. If desired, the fg k/fo ratio can be altered by external resistors as in Figure 25,
Figure 26, Figure 27, Figure 29, Figure 30, and Figure 31. The filter Q and gain are determined by external
resistors.

All of the five second-order filter types can be built using either section of the MF10-N. These are illustrated in
Figure 17 through Figure 21 along with their transfer functions and some related equations. Figure 22 shows the
effect of Q on the shapes of these curves. When filter orders greater than two are desired, two or more MF10-N
sections can be cascaded.

DESIGN EXAMPLE

In order to design a second-order filter section using the MF10-N, we must define the necessary values of three
parameters: fy, the filter section's center frequency; Hy, the passband gain; and the filter's Q. These are
determined by the characteristics required of the filter being designed.

As an example, let's assume that a system requires a fourth-order Chebyshev low-pass filter with 1 dB ripple,
unity gain at DC, and 1000 Hz cutoff frequency. As the system order is four, it is realizable using both second-
order sections of an MF10-N. Many filter design texts include tables that list the characteristics (fo and Q) of each
of the second-order filter sections needed to synthesize a given higher-order filter. For the Chebyshev filter
defined above, such a table yields the following characteristics:

foa =529 HzQ, = 0.785

fog = 993 Hz Qg = 3.559

For unity gain at DC, we also specify:

Hoa =1

Hog =1

The desired clock-to-cutoff-frequency ratio for the overall filter of this example is 100 and a 100 kHz clock signal

is available. Note that the required center frequencies for the two second-order sections will not be obtainable
with clock-to-center-frequency ratios of 50 or 100. It will be necessary to adjust

fok
fo (15)

externally. From Table 1, we see that Mode 3 can be used to produce a low-pass filter with resistor-adjustable
center frequency.

In most filter designs involving multiple second-order stages, it is best to place the stages with lower Q values
ahead of stages with higher Q, especially when the higher Q is greater than 0.707. This is due to the higher
relative gain at the center frequency of a higher-Q stage. Placing a stage with lower Q ahead of a higher-Q stage
will provide some attenuation at the center frequency and thus help avoid clipping of signals near this frequency.
For this example, stage A has the lower Q (0.785) so it will be placed ahead of the other stage.

For the first section, we begin the design by choosing a convenient value for the input resistance: R;5 = 20k. The
absolute value of the passband gain Hg pa is made equal to 1 by choosing Ry such that: Ryp = “Ho paR1a = R1a
= 20k. If the 50/100/CL pin is connected to mid-supply for nominal 100:1 clock-to-center-frequency ratio, we find
R, by:

_ foa2  _ 4 (5292
Roa = Rsa —(fCLK/100)2 2 X 104 X (1000)2 5.6k and
R3a = Qa VRoaR4a = 0.785/5.6 X 103 X 2 X 104 = 8.3k
3n = QavR2aR4A Y (16)
The resistors for the second section are found in a similar fashion:
22 Submit Documentation Feedback Copyright © 1999-2013, Texas Instruments Incorporated
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Rig = 20k
R4 = Ryg = 20k
fog? (993)2
Rog = Ryg —2—— = = 19.7k
28 = 4B (¢ «/100)2 (1000)2
Rag = Qg VR2gRa4g = 8.559/1.97 X 104X 2 104 = 70.6k a7

The complete circuit is shown in Figure 32 for split £5V power supplies. Supply bypass capacitors are highly
recommended.

R1B
20k — Vour
AAA
%
R4A R4B
20k |1 20] 20k
VWV LPy LPg NN—9
R3A R3B
83k 2 19 70.6k
VW\- BP, BPg AAA
R2A R2B
56k 3 18 19.7k
VW\ N/AP/HP, N/AP/HPg A
R1A
ViN 4 INV, INVg 7
20k
5 16
SN Sty
L MF10 L
e p———1 Su/B acno P2 -
7 14
vyt Vp-
+5V 8 Vp+ Vp- L =5V
0.1 9 12 0.1
} L Sh. 50/100/ CL {
li CLKy CLKg L|
CLOCK IN J_LI_L -

foLk = 100 kHz

Figure 32. Fourth-Order Chebyshev Low-Pass Filter from Example in 3.1.
+5V Power Supply. OV-5V TTL or =5V £5V CMOS Logic Levels.

R1B

20k — Vour
2 'AA%
R4A R4B
20k |1 20] 20k
N LPy LPg M-S
R3A R3B
83k 2 19 706k
VWA BP, BPg VA
R2A R2B
56k 3 18 19.7k
VWA N/AP/HP,  N/AP/HPg AAA
R1A
in v, nvg
20k
S s, st 18
MF10
6 15
| Sws AGND 1
. T o4
+10V z Vit L
10 k:: 8 13
Vp* Vp-
J_10k:; = 12 =
o[ oi[ L sh- 50/100/ CL
i
L1 P CLKg Ll
cockn J LI L

fok = 100 kHz

Figure 33. Fourth-Order Chebyshev Low-Pass Filter from Example in 3.1.
Single +10V Power Supply. OV-5V TTL Logic Levels. Input Signals
Should be Referred to Half-Supply or Applied through a Coupling Capacitor.
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Resistive Divider with Operational Amplifier
Decoupling Capacitor Voltage Regulator with Divider
vt vt =10v vt
o

v _[0.1 "
2 | LM2931AZ-5.0 TD =5V

TYPICAL VALUES:

2k <R <100k 1 __l_—

g 470k 1/2LM358

S

0.1 uF <C <470 puF =

Figure 34. Three Ways of Generating V*/2 for Single-Supply Operation

SINGLE SUPPLY OPERATION

The MF10-N can also operate with a single-ended power supply. Figure 33 shows the example filter with a
single-ended power supply. V," and Vp* are again connected to the positive power supply (8V to 14V), and V™
and Vp~ are connected to ground. The Agyp pin must be tied to V*/2 for single supply operation. This half-supply
point should be very “clean”, as any noise appearing on it will be treated as an input to the filter. It can be derived
from the supply voltage with a pair of resistors and a bypass capacitor (See Figure 34), or a low-impedance half-
supply voltage can be made using a three-terminal voltage regulator or an operational amplifier (See Figure 34
and Figure 34). The passive resistor divider with a bypass capacitor is sufficient for many applications, provided
that the time constant is long enough to reject any power supply noise. It is also important that the half-supply
reference present a low impedance to the clock frequency, so at very low clock frequencies the regulator or op-
amp approaches may be preferable because they will require smaller capacitors to filter the clock frequency. The
main power supply voltage should be clean (preferably regulated) and bypassed with 0.1 pF.

DYNAMIC CONSIDERATIONS

The maximum signal handling capability of the MF10-N, like that of any active filter, is limited by the power
supply voltages used. The amplifiers in the MF10-N are able to swing to within about 1V of the supplies, so the
input signals must be kept small enough that none of the outputs will exceed these limits. If the MF10-N is
operating on +5V, for example, the outputs will clip at about 8 V,_,. The maximum input voltage multiplied by the
filter gain should therefore be less than 8 V,, .

Note that if the filter Q is high, the gain at the lowpass or highpass outputs will be much greater than the nominal
filter gain (Figure 22). As an example, a lowpass filter with a Q of 10 will have a 20 dB peak in its amplitude
response at fo. If the nominal gain of the filter Ho p is equal to 1, the gain at fy will be 10. The maximum input
signal at fo must therefore be less than 800 mV,_, when the circuit is operated on +5V supplies.

Also note that one output can have a reasonable small voltage on it while another is saturated. This is most likely
for a circuit such as the notch in Mode 1 (Figure 23). The notch output will be very small at fy, so it might appear
safe to apply a large signal to the input. However, the bandpass will have its maximum gain at f5 and can clip if
overdriven. If one output clips, the performance at the other outputs will be degraded, so avoid overdriving any
filter section, even ones whose outputs are not being directly used. Accompanying Figure 23 through Figure 31
are equations labeled “circuit dynamics”, which relate the Q and the gains at the various outputs. These should
be consulted to determine peak circuit gains and maximum allowable signals for a given application.

OFFSET VOLTAGE

The MF10-N's switched capacitor integrators have a higher equivalent input offset voltage than would be found in
a typical continuous-time active filter integrator. Figure 35 shows an equivalent circuit of the MF10-N from which
the output DC offsets can be calculated. Typical values for these offsets with S tied to V* are:

Vgs1 = opamp offset = £5 mV

Vos2 = =150 mV @ 50:1 -300 mV @ 100:1
Vos3 = —70 mV @ 50:1 -140 mV @ 100:1
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When Sy is tied to V7, Vs, Will approximately halve. The DC offset at the BP output is equal to the input offset
of the lowpass integrator (V,s3). The offsets at the other outputs depend on the mode of operation and the
resistor ratios, as described in the following expressions.

Mode 1 and Mode 4

1 Voss
V. =V =+ 1|H — ==
OS(N) 0Ss1 (Q l‘ omH) Q
Vos(sp) = Vos3
Vos(LP) = Vos(n)—Vos2
Mode 1a ] v
0s3
Vos(N.INV.BP) = [ 1+—= ]V —_
osl( ) ( Q) 0s177Qq
Vos(INV.BP) = Vps3
Vv = Vos(N.INV.BP)—V
OS(LP) os( )—Vos2 (18)
Mode 2 and Mode 5
R2 1
V. =|==+1)Vost x ————
oSN (Rp ) 081 * I ¥ R2/R4
1 Vos3
+ - :
Vos2 1T Ra/R2 T QT T R2/AE
Rp = R1//R3//R4
Vos@epr) = Voss
Vosp) = Vosn) — Vosz
Mode 3
VosHp) = Vos2
V =V
VOS(BP) - Vosa [1 N &] Y (E)
OS(LP) 0S1 Ro os2 | gy
R4
_v J—
oS3 (RS)
Rp = R1//R2//R3 (19)
naeel ][] st
Figure 35. MF10-N Offset Voltage Sources
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5V SUPPLY

AAA
VVv

Figure 36. Method for Trimming Vgs

For most applications, the outputs are AC coupled and DC offsets are not bothersome unless large signals are
applied to the filter input. However, larger offset voltages will cause clipping to occur at lower AC signal levels,
and clipping at any of the outputs will cause gain nonlinearities and will change fo and Q. When operating in
Mode 3, offsets can become excessively large if R2 and R4 are used to make fc «/fo significantly higher than the
nominal value, especially if Q is also high. An extreme example is a bandpass filter having unity gain, a Q of 20,
and fg k/fo = 250 with pin 12 tied to ground (100:1 nominal). R4/R2 will therefore be equal to 6.25 and the offset
voltage at the lowpass output will be about +1V. Where necessary, the offset voltage can be adjusted by using
the circuit of Figure 36. This allows adjustment of Vo571, which will have varying effects on the different outputs as
described in the above equations. Some outputs cannot be adjusted this way in some modes, however (Vog@gp)
in modes la and 3, for example).

SAMPLED DATA SYSTEM CONSIDERATIONS

The MF10-N is a sampled data filter, and as such, differs in many ways from conventional continuous-time filters.
An important characteristic of sampled-data systems is their effect on signals at frequencies greater than one-
half the sampling frequency. (The MF10-N's sampling frequency is the same as its clock frequency.) If a signal
with a frequency greater than one-half the sampling frequency is applied to the input of a sampled data system, it
will be “reflected” to a frequency less than one-half the sampling frequency. Thus, an input signal whose
frequency is f/2 + 100 Hz will cause the system to respond as though the input frequency was fy/2 — 100 Hz.
This phenomenon is known as “aliasing”, and can be reduced or eliminated by limiting the input signal spectrum
to less than f,/2. This may in some cases require the use of a bandwidth-limiting filter ahead of the MF10-N to
limit the input spectrum. However, since the clock frequency is much higher than the center frequency, this will
often not be necessary.

Another characteristic of sampled-data circuits is that the output signal changes amplitude once every sampling
period, resulting in “steps” in the output voltage which occur at the clock rate (Figure 37). If necessary, these can
be “smoothed” with a simple R—C low-pass filter at the MF10-N output.

The ratio of fo k to fc (normally either 50:1 or 100:1) will also affect performance. A ratio of 100:1 will reduce any
aliasing problems and is usually recommended for wideband input signals. In noise sensitive applications,
however, a ratio of 50:1 may be better as it will result in 3 dB lower output noise. The 50:1 ratio also results in
lower DC offset voltages, as discussed in OFFSET VOLTAGE.

The accuracy of the fo «/fg ratio is dependent on the value of Q. This is illustrated in Typical Performance
Characteristics. As Q is changed, the true value of the ratio changes as well. Unless the Q is low, the error in
fok/fo will be small. If the error is too large for a specific application, use a mode that allows adjustment of the
ratio with external resistors.

It should also be noted that the product of Q and fg should be limited to 300 kHz when fy < 5 kHz, and to 200
kHz for fg > 5 kHz.
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Figure 37. The Sampled-Data Output Waveform

Connection Diagram
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BP, —

N/ AP/ HP, —
INV, =
ST,
Sa/B™]
Vpt =

Vpt =

LSh —
CLKy —

© 0N U R NN =

Py
— 6Py

— N/ AP/ HPg
— INVg

—stp

— AGND
_VA-

—VD-
—50/100/CL
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Figure 38. SOIC and PDIP Packages (Top View)
See Package Numbers DW and NFHO020A
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PACKAGING INFORMATION

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ RoHS: TI defines "RoHS" to mean semiconductor products that are compliant with the current EU RoHS requirements for all 10 RoHS substances, including the requirement that RoHS substance
do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. Tl may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

® MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
@ There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If aline is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

® Lead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer: The information provided on this page represents TI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
I Drawing Qty @ (6) (3) (4/5)
MF10CCWM/NOPB ACTIVE SoIC DW 20 36 Green (RoHS CU SN Level-3-260C-168 HR 0to 70 MF10CCWM
& no Sh/Br)
MF10CCWMX/NOPB ACTIVE SoIC DW 20 1000 Gg[eens('s/([)aH)S CU SN Level-3-260C-168 HR 0to 70 MF10CCWM
no r
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
: |
© Bo W
Reel | | l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
BO | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O Qf Sprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 I Q4 User Direction of Feed
[ 8
T
A
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant

(mm) |W1(mm)

MF10CCWMX/NOPB SOIC DW

20

1000 330.0 24.4 109 | 133 | 3.25 | 120 | 24.0

Q1
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TAPE AND REEL BOX DIMENSIONS
At
4
///
// S
/\g\‘ /}#\
. 7
~ . /
. T -
Tu e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
MF10CCWMX/NOPB SoIC DW 20 1000 367.0 367.0 45.0
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DWO0020A

PACKAGE OUTLINE
SOIC - 2.65 mm max height

SOIC

10.63
9.97

W

TYP

@ PIN 11D

AREA

J
)
(=]

_ 18x[1.27]
() — ==
— ==-—
—] —
— —
130 [ — 2%
12.6 [11.43]
NOTES —
— —
— —
— —
it
10 ] i
- o 1112(»(0.51 —L
7.6 0.31 .65 MAX
8] 74 (@ Jo.250) [c|A[B]
NOTE 4

\

1

/'\ :

)

T

<\ SEE DETAIL A

E,

o
1

GAGE PLANE

0‘7-8"T+

1.27 L 92

" 040

DETAIL A
TYPICAL

4220724/A 05/2016

NOTES:

-

per ASME Y14.5M.

exceed 0.15 mm per side.

s W N

. Reference JEDEC registration MS-013.

. This drawing is subject to change without notice.
. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not

. All linear dimensions are in millimeters. Dimensions in parenthesis are for reference only. Dimensioning and tolerancing

. This dimension does not include interlead flash. Interlead flash shall not exceed 0.43 mm per side.
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EXAMPLE BOARD LAYOUT
DWO0020A SOIC - 2.65 mm max height

SOIC

20X (2)

A

N
o

20X (0.6)

-

:
il

18X (1.27)

JUoty

in0uD

(R0.05)
TYP

-
o

11

gl

|
|

LAND PATTERN EXAMPLE
SCALE:6X

SOLDER MASK METAL UNDER SOLDER MASK
OPENING / METAL SOLDER MASK\\ / OPENING

(r L N ‘r- -\‘
| *| |:
)) — —y
*I‘* 0.07 MAX JL 0.07 MIN
ALL AROUND ALL AROUND
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED

SOLDER MASK DETAILS
4220724/A 05/2016

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
DWO0020A SOIC - 2.65 mm max height

SOIC

20X (0.6) L [j:

1

20X (2)

SYMM

11 ¢

|

|

18X (1.27) |

27 |

T—-E==3 |

|

) !

|

|

|

|

|

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
SCALE:6X

4220724/A 05/2016

NOTES: (continued)

8. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
9. Board assembly site may have different recommendations for stencil design.
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IMPORTANT NOTICE

Texas Instruments Incorporated (TI) reserves the right to make corrections, enhancements, improvements and other changes to its
semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest issue. Buyers
should obtain the latest relevant information before placing orders and should verify that such information is current and complete.

TI's published terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of Tl products or services with statements
different from or beyond the parameters stated by Tl for that product or service voids all express and any implied warranties for the
associated TI product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate Tl products (collectively, “Designers”) understand and agree that Designers
remain responsible for using their independent analysis, evaluation and judgment in designing their applications and that Designers have
full and exclusive responsibility to assure the safety of Designers' applications and compliance of their applications (and of all Tl products
used in or for Designers’ applications) with all applicable regulations, laws and other applicable requirements. Designer represents that, with
respect to their applications, Designer has all the necessary expertise to create and implement safeguards that (1) anticipate dangerous
consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that might cause harm and
take appropriate actions. Designer agrees that prior to using or distributing any applications that include TI products, Designer will
thoroughly test such applications and the functionality of such Tl products as used in such applications.

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular TI Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its Tl Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular TI Resource.

Designer is authorized to use, copy and modify any individual Tl Resource only in connection with the development of applications that
include the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE
TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS. TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNER AGAINST ANY CLAIM,
INCLUDING BUT NOT LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF
PRODUCTS EVEN IF DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL Tl BE LIABLE FOR ANY ACTUAL,
DIRECT, SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN
CONNECTION WITH OR ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER Tl HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where TI specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any Tl products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.qg., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

Tl may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
reguirements in connection with such selection.

Designer will fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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