0 O TPA2001D1PWLI [0 [ oooooopeeoDODO024000000TPA2001D1

1-W FILTERLESS MONO CLASS-D AUDIO POWER AMPLIFIER

SLOS338D — SEPTEMBER 2000 — REVISED DECEMBER 2002

® Modulation Scheme Optimized to Operate PW PACKAGE
Without a Filter (TOP VIEW)
® TSSOP Package Options INP CT]10 16 [FT] BYPASS
® 1 W Into an 8-Q Speaker (THD+N<1%) INN 12 15 [C1T AGND
® <0.2% THD+N at 1 W, 1 kHz, Into an SHUTDOWN [ 3 14 £ COsC
8-Q Load GAINO 1] 4 13 [ 11 ROSC
® Exiremely Effici hird . i GAIN1 15 12 T3 Vpp
y Efficient Third Generation 5-V PVpp LI 6 1 T3 Pvgp
Class-D Technology: ' ouTP CT17 10 F3 ouTN
— Low-Supply Current (No Filter) .. .4 mA PGND T8 9 EO penD

Low-Supply Current (Filter) ... 7.5 mA
Low-Shutdown Current ... 0.05 pA
Low-Noise Floor .. . 40 uWWrMms
(No-Weighting Filter)

Maximum Efficiency Into 8 Q, 75 — 85%
4 Internal Gain Settings ...6—-23.5dB
PSRR...-77 dB

® Integrated Depop Circuitry

® Short-Circuit Protection (Short to Battery,
Ground, and Load)

description
The TPA2001D1 is a 1-W mono bridge-tied-load (BTL) class-D amplifier designed to drive a speaker with at
least 8-Q impedance. The amplifier uses TI's third generation modulation technique, which results in improved
efficiency and SNR. It also allows the device to be connected directly to the speaker without the use of the LC
output filter commonly associated with class-D amplifiers (this results in EMI which must be shielded at the
system level). These features make the device ideal for use in devices where high-efficiency is needed to extend
battery run time.

The gain of the amplifier is controlled by two input terminals, GAIN1, and GAINO. This allows the amplifier to
be configured for a gain of 6, 12, 18, and 23.5 dB. The differential input terminals are high-impedance CMOS
inputs, and can be used as summing nodes.

The class-D BTL amplifier includes depop circuitry to reduce the amount of turnon pop at power up, and when
cycling SHUTDOWN.

The TPA2001D1 is available in the 16-pin TSSOP package that drives 1 W of continuous output power into an
8-Q load. TPA2001D1 operates over an ambient temperature range of —40°C to 85°C.

AVAILABLE OPTIONS
PACKAGED DEVICES
TSSoP (PwW)T
—40°C to 85°C TPA2001D1PW

T The PW package is available taped and reeled. To order a taped and reeled
part, add the suffix R to the part number (e.g., TPA2001D1PWR).

TA

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.
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functional block diagram

INN

INP

VpD AGND
#__i _________________________ .i
VbD =
PVpp
Deglitch Gate _¢ I
X = —I— OUTN
b Logic Drive _¢ I
PGND
PVpp
HE 47 |
_ ® L Deglitch Gate
Adjust — Logic || Drive OouTP

L

'_? — PenD

I
SHUTDOWN —— s > oc I
start-Up [ petect I
GAIN1 Biases nn Protection
GAINO 2 and Ramp Logic I
I Gain < . Generator |
I References PV = L I
cosc | | | I
|
ROSC i Thermal Vpp ok I
BYPASS —} |
b e e -
Terminal Functions
TERMINAL
NO. 1/0 DESCRIPTION
NAME
GQC PW
A3 - A5,
B2 -B6
AGND C2-C6 15 | Analog ground
D2 - D4
BYPASS A6 16 | Connect capacitor to ground for BYPASS voltage filtering.
COSsC B7 14 | Connect capacitor to ground to set oscillation frequency.
GAINO C1 4 | Bit 0 of gain control (TTL logic level)
GAIN1 D1 5 | Bit 1 of gain control (TTL logic level)
INN Al 2 | Negative differential input
INP A2 1 | Positive differential input
OUTN G7 10 (0] Negative BTL output
OUTP G1 7 (0] Positive BTL output
D5, D6
E2 - E6 .
PGND F2_F6 8,9 | High-current grounds
G2-G6
E1, E7, . .
PVpp F1 F7 6,11 | High-current power supplies
ROSC Cc7 13 | Connect resistor to ground to set oscillation frequency.
SAUTDOWN B1 3 | Places_ the_ amplifier in sh_utdpwn mode if a _TTL Ioglc low is placed on this terminal, and normal
operation if a TTL logic high is placed on this terminal.
VDD D7 12 | Analog power supply
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absolute maximum ratings over operating free-air temperature range (unless otherwise noted)T

........................................................ -0.3Vtob55V
-0.3VtoVpp +0.3V
(see Dissipation Rating Table)

—40°C to 85°C
—40°C to 150°C
—65°C to 150°C
260°C

Supply voltage, Vpp, PVpp
Input voltage, V|
Continuous total power dissipation .......... ... ..o
Operating free-air temperature range, T
Operating junction temperature range, T}
Storage temperature range, Tsig
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds

1 Stresses beyond those listed under “absolute maximum ratings” may cause permanent damage to the device. These are stress ratings only, and
functional operation of the device at these or any other conditions beyond those indicated under “recommended operating conditions” is not
implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

DISSIPATION RATING TABLE

PACKAGE Tp <25°C DERATING FACTOR Ta =70°C Tp =85°C
PW 774 mW 6.19 mw/°C 495 mwW 402 mW
recommended operating conditions
MIN  MAX | UNIT
Supply voltage, Vpp, PVpp 2.7 5.5 \
High-level input voltage, V|4 GAINO, GAIN1, SHUTDOWN 2 \%
Low-level input voltage, V| GAINO, GAIN1, SHUTDOWN 0.7 \%
Operating free-air temperature, Ta -40 85 °C
electrical characteristics at specified free-air temperature, PVpp =5V, Tp = 25°C (unless
otherwise noted)
PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
Vosl| Output offset voltage (measured differentially) Vi=0V, Ay = any gain 25 mV
PSRR Power supply rejection ratio PVpp=4.9Vto51V 7 dB
[l High-level input current PVpp =55V, V| =PVpp 1] pA
el Low-level input current PVpp =55V, V=0V 1 HA
Iob il:;?ly current, no filter (with or without speaker 4 6 mA
IDD(SD) Supply current, shutdown mode GAINO, GAIN1, SHUTDOWN =0V 0.05 20 HA

operating characteristics, PVpp =5V, Ta = 25°C, R =8 Q, gain = 6 dB (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP  MAX UNIT
Po Output power THD = 1%, f=1kHz 1 w
THD + N Total harmonic distortion plus noise Po=1W, f=20 Hz to 20 kHz <0.1%
Bom Maximum output power bandwidth THD = 1% 20 kHz
ksvRr Supply ripple rejection ratio f=1kHz, Cyp) =1HF 71 dB
SNR Signal-to-noise ratio 95 dB
Vn Output noise voltage (no noise weighting filter) | C(gyp) =1 uF, f=<10Hz to 22 kHz 40 pV(rms)
Z) Input impedance >15 kQ
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electrical characteristics at specified free-air temperature, PVpp = 3.3V, Tp = 25°C (unless
otherwise noted)

PARAMETER TEST CONDITIONS MIN  TYP MAX | UNIT
Vosl Output offset voltage (measured differentially) V=0V, Ay = any gain 25 mV
PSRR Power supply rejection ratio PVpp=3.2Vto34V 61 dB
[hHl High-level input current PVpp =3.3V, V| =PVpD 1 MA
Il Low-level input current PVpDpD =33V, V=0V 1| pa
oD il;;;g)ly current, no filter (with or without speaker 4 6 mA
IDD(SD)  Supply current, shutdown mode 0.05 20 HA

operating characteristics, PVpp = 3.3V, Tp = 25°C, R =8 Q, gain = 6 dB (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP  MAX UNIT
Po Output power THD = 1%, f=1kHz 400 mwW
THD + N Total harmonic distortion plus noise Po =55 mw, f=20Hz to 20 kHz <0.1%
Bowm Maximum output power bandwidth THD = 0.7% 20 kHz
ksvr Supply ripple rejection ratio f=1kHz, Cyp) =1pF 61 dB
SNR Signal-to-noise ratio 93 dB
Vn Output noise voltage (no noise weighting filter) Cyp)=1HF f=<10 Hz to 22 kHz 40 puV(rms)
Z Input impedance >15 kQ
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APPLICATION INFORMATION

eliminating the output filter with the TPA2001D1

This section focuses on why the user can eliminate the output filter with the TPA2001D1.
effect on audio

The class-D amplifier outputs a pulse-width modulated (PWM) square wave, which is the sum of the switching
waveform and the amplified input audio signal. The human ear acts as a band-pass filter such that only the
frequencies between approximately 20 Hz and 20 kHz are passed. The switching frequency components are
much greater than 20 kHz, so the only signal heard is the amplified input audio signal.

traditional class-D modulation scheme

The traditional class-D modulation scheme, which is used in the TPA005Dxx family, has a differential output
where each outputis 180 degrees out of phase and changes from ground to the supply voltage (Vpp). Therefore,
the differential prefiltered output varies between positive and negative Vpp, where filtered 50% duty cycle yields
0volts across the load. The traditional class-D modulation scheme with voltage and current waveforms is shown
in Figure 1. Note that even at an average of 0 V across the load (50% duty cycle), the current to the load is high,
causing high loss, thus causing a high supply current.

OuTP

OUTN

+5V —

Differential Voltage

Across Load oV —

-5V —

Current

Figure 1. Traditional Class-D Modulation Scheme’s Output Voltage and Current Waveforms Into an
Inductive Load With No Input

TPA2001D1 modulation scheme

The TPA2001D1 uses a modulation scheme that still has each output switching from 0 to the supply voltage.
However, OUTP and OUTN are now in phase with each other with no input. The duty cycle of OUTP is greater
than 50% and OUTN is less than 50% for positive voltages. The duty cycle of OUTP is less than 50% and OUTN
is greater than 50% for negative voltages. The voltage across the load sits at 0 V throughout most of the
switching period greatly reducing the switching current, which reduces any I2R losses in the load.
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APPLICATION INFORMATION

Output=0V

\

Differential 45V — ﬁ \ I_i |
Volt | |
oltage oV — ! !
Across IJ ”
Load SV — ‘ ‘

\ \

\
ouTP —‘>| H— —>| |<‘—
OUTN |‘\ ‘.l |“ ‘.l Output >0V
Differential +5V — m m m m
voltage gy — | | | |
Across \ \ ‘ ‘
Load 2V | | | |

Current —————— T - ‘ I~ -

Figure 2. The TPA2001D1 Output Voltage and Current Waveforms Into an Inductive Load

efficiency: why you must use a filter with the traditional class-D modulation scheme

The main reason that the traditional class-D amplifier needs an output filter is that the switching waveform
results in maximum current flow. This causes more loss in the load, which causes lower efficiency. The ripple
current is large for the traditional modulation scheme because the ripple current is proportional to voltage
multiplied by the time at that voltage. The differential voltage swing is 2 x Vpp and the time at each voltage is
half the period for the traditional modulation scheme. An ideal LC filter is needed to store the ripple current from
each half cycle for the next half cycle, while any resistance causes power dissipation. The speaker is both
resistive and reactive, whereas an LC filter is almost purely reactive.

The TPA2001D1 modulation scheme has very little loss in the load without a filter because the pulses are very
short and the change in voltage is Vpp instead of 2 x Vpp. As the output power increases, the pulses widen
making the ripple current larger. Ripple current could be filtered with an LC filter for increased efficiency, but for
most applications the filter is not needed.

An LC filter with a cutoff frequency less than the class-D switching frequency allows the switching current to flow
through the filter instead of the load. The filter has less resistance than the speaker that results in less power
dissipated, which increases efficiency.
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APPLICATION INFORMATION

effects of applying a square wave into a speaker

Audio specialists advise not to apply a square wave to speakers. If the amplitude of the waveform is high enough
and the frequency of the square wave is within the bandwidth of the speaker, the square wave could cause the
voice coil to jump out of the air gap and/or scar the voice coil. A 250-kHz switching frequency, however, is not
significant because the speaker cone movement is proportional to 1/f2 for frequencies beyond the audio band.
Therefore, the amount of cone movement at the switching frequency is very small. However, damage could
occur to the speaker if the voice coil is not designed to handle the additional power. To size the speaker for added
power, the ripple current dissipated in the load needs to be calculated by subtracting the theoretical supplied
power (Psup THEORETICAL) fromthe actual supply power (Pgyp) atmaximum output power (Pg). The switching
power dissipated in the speaker is the inverse of the measured efficiency (NmMeasURED) Minus the theoretical

efficiency (NTHEORETICAL) all multiplied by Pg.

PspkRr = Psup — Psup THEORETICAL (at max output power) (1)
Pspkr = Po(Psup / Po — Psup THEORETICAL / Po) (at max output power) (2)
Pspkr = Po(1NMEASURED — 1'NTHEORETICAL) (at max output power) 3

The maximum efficiency of the TPA2001D1 with an 8-Q load is 85%. Using equation 3 with the efficiency at
maximum power (78%), we see that there is an additional 106 mW dissipated in the speaker. The added power
dissipated in the speaker is not an issue as long as it is taken into account when choosing the speaker.

when to use an output filter

Design the TPA2001D1 without the filter if the traces from amplifier to speaker are short. The TPA2001D1
passed FCC and CE radiated emissions with no shielding with speaker wires eightinches long or less. Notebook
PCs and powered speakers where the speaker is in the same enclosure as the amplifier are good applications
for class-D without a filter.

Aferrite bead filter can often be used if the design is failing radiated emissions without a filter, and the frequency
sensitive circuit is greater than 1 MHz. This is good for circuits that just have to pass FCC and CE because FCC
and CE only test radiated emissions greater than 30 MHz. If choosing a ferrite bead, choose one with high
impedance at high frequencies, but very low impedance at low frequencies.

Use an output filter if there are low frequency (<1 MHz) EMI sensitive circuits and/or there are long leads from
amplifier to speaker.

gain setting via GAINO and GAIN1 inputs
The gain of the TPA2001D1 is set by two input terminals, GAINO and GAIN1.

The gains listed in Table 1 are realized by changing the taps on the input resistors inside the amplifier. This
causes the input impedance, Z|, to be dependent on the gain setting. The actual gain settings are controlled
by ratios of resistors, so the actual gain distribution from part-to-part is quite good. However, the input
impedance may shift by 30% due to shifts in the actual resistance of the input resistors.

For design purposes, the input network (discussed in the next section) should be designed assuming an input
impedance of 20 kQ, which is the absolute minimum input impedance of the TPA2001D1. At the higher gain
settings, the input impedance could increase as high as 115 kQ.
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APPLICATION INFORMATION

Table 1. Gain Settings

AMPLIFIER GAIN INPUT IMPEDANCE
GAINL | GAINO (dB) (kQ)
TYP TYP
0 0 6 104
0 1 12 74
1 0 18 a4
1 1 23.5 24

input resistance

Each gain setting is achieved by varying the input resistance of the amplifier, which can range from its smallest
value to over six times that value. As a result, if a single capacitor is used in the input high-pass filter, the -3 dB
or cutoff frequency also changes by over six times.

Z
Input
Signal

=
b4

The —3 dB frequency can be calculated using equation 4.

T~ 2nZ,C, (4)

input capacitor, C;

In the typical application an input capacitor (C;) is required to allow the amplifier to bias the input signal to the
proper dc level for optimum operation. In this case, Cj and the input impedance of the amplifier (Z|) form a
high-pass filter with the corner frequency determined in equation 5.

—
-3dB

_ 1 (5)
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APPLICATION INFORMATION

input capacitor, C; (continued)

The value of Cjis important, as it directly affects the bass (low frequency) performance of the circuit. Consider
the example where Z; is 20 kQ and the specification calls for a flat bass response down to 80 Hz. Equation 5
is reconfigured as equation 6.

T 2nz, % (6)

In this example, C;is 0.1 pF, so one would likely choose a value in the range of 0.1 pF to 1 pF. If the gain is known
and will be constant, use Z; from Table 1 to calculate C;. A further consideration for this capacitor is the leakage
path from the input source through the input network (C;) and the feedback network to the load. This leakage
current creates a dc offset voltage at the input to the amplifier that reduces useful headroom, especially in high
gain applications. For this reason a low-leakage tantalum or ceramic capacitor is the best choice. When
polarized capacitors are used, the positive side of the capacitor should face the amplifier input in most
applications as the dc level there is held at Vpp/2, which is likely higher than the source dc level. Note that it
is important to confirm the capacitor polarity in the application.

C; must be 10 times smaller than the bypass capacitor to reduce clicking and popping noise from power on/off
and entering and leaving shutdown. After sizing C; for a given cutoff frequency, size the bypass capacitor to 10
times that of the input capacitor.

Ci < CBYP /10 (7
power supply decoupling, Cg

The TPA2001D1 is a high-performance CMOS audio amplifier that requires adequate power supply decoupling
to ensure the output total harmonic distortion (THD) is as low as possible. Power supply decoupling also
prevents oscillations for long lead lengths between the amplifier and the speaker. The optimum decoupling is
achieved by using two capacitors of different types that target different types of noise on the power supply leads.
For higher frequency transients, spikes, or digital hash on the line, a good low equivalent-series-resistance
(ESR) ceramic capacitor, typically 0.1 pF placed as close as possible to the device Vpp lead works best. For
filtering lower-frequency noise signals, a larger aluminum electrolytic capacitor of 10 pF or greater placed near
the audio power amplifier is recommended.

midrail bypass capacitor, Cgyp)

The midrail bypass capacitor (C(Byp)) is the most critical capacitor and serves several important functions.
During start-up or recovery from shutdown mode, CyP) determines the rate at which the amplifier starts up.
The second function is to reduce noise produced by the power supply caused by coupling into the output drive
signal. This noise is from the midrail generation circuit internal to the amplifier, which appears as degraded
PSRR and THD+N.

Bypass capacitor (C(Byp)) values of 0.47-uF to 1-uF ceramic or tantalum low-ESR capacitors are recommended
for the best THD and noise performance.

Increasing the bypass capacitor reduces clicking and popping noise from power on/off and entering and leaving
shutdown. To have minimal pop, C(gyp) should be 10 times larger than C;.

Cyp) 210 x Cj €
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differential input

The differential input stage of the amplifier cancels any noise that appears on both input lines of the channel.
To use the TPA2001D1 EVM with a differential source, connect the positive lead of the audio source to the INP
input and the negative lead from the audio source to the INN input. To use the TPA2001D1 with a single-ended
source, ac ground the INN input through a capacitor and apply the audio single to the input. In a single-ended
input application, the INN input should be ac-grounded at the audio source instead of at the device input for best
noise performance.

shutdown modes

The TPA2001D1 employs a shutdown mode of operation designed to reduce supply current (Ipp) to the absolute
minimum level during periods of nonuse for battery-power conservation. The SHUTDOWN input terminal
should be held high during normal operation when the amplifier is in use. Pulling SHUTDOWN low causes the
outputs to mute and the amplifier to enter a low-current state, Ipp(sp) = 1 HA. SHUTDOWN should never be left
unconnected because amplifier operation would be unpredictable.

using low-ESR capacitors

Low-ESR capacitors are recommended throughout this application section. A real (as opposed to ideal)
capacitor can be modeled simply as a resistor in series with an ideal capacitor. The voltage drop across this
resistor minimizes the beneficial effects of the capacitor in the circuit. The lower the equivalent value of this
resistance the more the real capacitor behaves like an ideal capacitor.

evaluation circuit

OUT+
U1
TPA2001D1
c2 c7
IN- S—L{ie BYPAss [
C3 1uF 1uF
IN+ - a 2 LiNN AGND |2 !
c1
—_— 1pF 3 lssmsee 14
SHUTDOWN . SHUTDOWN cosc |—F———
220 pF
R3 R4 4 1GAINO rosc |23 =P RL ¢
120kQ | 120kQ ‘ 120 kQ
I\ 5 12 .
R2 GAIN1 VDD VDD
120 kQ J1 o; c6 1
Q . - 6 1
32 ‘ PVDbD PVbD 1 g
7 10
VbD 1 l J OuUTP OUTN ouT-
cs ==
1or T C4 81perD PGND |2 fiF
i W
O O L L 4 I @
s1 1 T< GND
GND =

NOTE: R1, R2, and R3 are used in the EVM but are not required for normal applications.
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Table 2. TPA2001D1 Evaluation Bill of Materials

channel, class-D

TSSOP

REFERENCE DESCRIPTION SIZE | QUANTITY | MANUFACTURER PART NUMBER
C1l Capacitor, ceramic, 220 pF, £10%, XICON, 50 V 0805 Mouser 140-CC501B221K
c2-C7 Capacitor, ceramic, 1 pF, +80%/-20%, Y5V, 16 V 0805 6 Murata GRM40-Y5V105216
C8 Capacitor, ceramic, 10 pF, +80%/-20%, Y5V, 16 V 1210 1 Murata GRM235-Y5V106Z16
R1, R2T, Resistor, chip, 120 kQ, 1/10 W, 5%, XICON 0805 4 Mouser 260-120K

R3f, Rat

Ul IC, TPA2001D1, audio power amplifier, 1-W, single 24 pin 1 TI TPA2001D1PW

T These components are used in the EVM, but they are not required for normal applications.
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MECHANICAL DATA

PW (R-PDSO-G**) PLASTIC SMALL-OUTLINE PACKAGE
14 PINS SHOWN

HlHHHHHHY_J

«— A —»

\
_i Seating Plane * (_\ J
L 1,20 MAX £5__|: =010 | v

0,05

PINS **
8 14 16 20 24 28
DIM
A MAX 3,10 5,10 5,10 6,60 7,90 9,80
A MIN 2,90 4,90 4,90 6,40 7,70 9,60

4040064/F 01/97

NOTES: A. Alllinear dimensions are in millimeters.

This drawing is subject to change without notice.

Body dimensions do not include mold flash or protrusion not to exceed 0,15.
Falls within JEDEC MO-153
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subjectto TI's terms
and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with TI's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using Tl components. To minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patentright,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
in which TI products or services are used. Information published by Tl regarding third—party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

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.
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