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Design Features

¢ Power management for devices interacting
with the ultra-low voltage pController family
(MSP430X09X) froma0.9Vto 1.65V
single battery cell
e Generates 1.8V and 3.3V voltage rails from
an ultra-low voltage source.
e Combine output current
o 50mA at 0.9V input voltage
o 100mA at 1.65V input voltage
Ripple free and low noise 1.8 V voltage rall
Small solution size, with minimum
compensation components
e Cost efficient solution
o TIDA-00599 provides design guide and
design files of the power management
solution

Featured Applications
Low-cost single battery cell applications

e Consumer electronics
o Wearables
o Personal electronics
o low power gadgets
o toys or games
e Single battery remote controls
e Motion or light sensors
¢ Home or office security monitoring

Board Image

VouT 3u3

T M -
GND_EN1-3U3
GNDOUT
Logol 1Ly

TIDA-00598 &

TIDUA73 — September 2015 LP5910 and TPS61221 as a Power Reference Design for Ultra-Low Voltage MSP430X09X Companion

Devices

Copyright © 2015, Texas Instruments Incorporated

1


http://www.ti.com/tool/TIDA-00599
http://www.ti.com/tool/TIDA-00599
http://www.ti.com/product/LP5910
http://www.ti.com/product/LP5910
http://www.ti.com/product/TPS61221
http://www.ti.com/product/TPS61221
http://www.ti.com/product/MSP430l092
http://www.ti.com/product/MSP430l092
http://www.ti.com/product/MSP430C092
http://www.ti.com/product/MSP430C092
http://e2e.ti.com/
http://www.ti.com/webench

13 TEXAS
INSTRUMENTS

Tl Designs: TIDA-00599 www.ti.com

1 System Description

The MSP430X09X are a line of ultra-low voltage (ULV) mixed-signal microcontrollers (uC) that can
operate from a voltage supply range of 0.9V to 1.65V. This low voltage operation is ideal for single-
cell systems (ranging from AAA to coin Cell) requiring a full analog signal chain.

On the other hand many of the sensors interacting with the ultra-low voltage microcontroller require
higher input voltage typically in the range of 1.8V and 3.3V.

The TIDA-00599 is a power reference design for MSP430X09X companion devices which requires
input voltage of 1.8V and 3.3V. In this design a 3.3V voltage rail is generated from 0.9V to 1.65V
battery using the TPS61221 boost converter and a 1.8V voltage rail is generated using a high PSRR
LDO (LP5910) connected in series with the boost converter output voltage rail. The combine output
current is 100 mA at 1.65V input voltage and 50 mA at 0.90 V input voltage.

This power solution is deal to power sensors and peripherals from the same low voltage battery as
the MSP430X09X microcontroller.

The TIDA-00599 reference design provides test data, design guide and Gerber files; all the files can be
obtain from the design folder at www.ti.com/tool/TIDA-00599
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Figure 1 TIDA-00599 High Level Block Diagram

The Figure 1 shows the comprehensive block diagram of the TIDA-00599 design. The red blocks
represent the main components of this document. The blue blocks represent other Tl devices that are
described in this document. The MSP430x09x was not designed in the evaluation board, but its power
requirements were taken into consideration to define the design parameters.
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2.1 Highlighted Power Management Components
2.1.1 LP5910 Ultra Low Noise, Low Dropout Regulator

The LP5910 device provides low noise, high PSRR, low quiescent current and low line/load transient
response. Using new innovative design techniques the LP5910 offers class-leading noise performance
without a noise bypass capacitor and the option for remote output capacitor placement. The device
contains a reverse current protection circuit that prevents a backward current flow through the LDO.
The LP5910 is stable with an effective output capacitance of only 1 uF. This feature enables the use of
cost-effective capacitors that have higher bias voltages and temperature drifting. The LP5910 regulate
to specified accuracy with no output load. No bypass ccapacitor is required.

o Ig(VEN=0.3V)=0.2uA
e 1o (VEN = 1.0V, loyr = 100mA) = 200pA
e Maximum load current 300mA

Alternative parts
LP5907

2.1.2 TPS61221: Low Input Voltage Step-UP Converter in 6 pin TSOT-23 package

The TPS6122x family devices provide a power-supply solution for products powered by either a
single-cell, two-cell, or three-cell alkaline, NiCd or NiMH, or one-cell Li-lon or Li-polymer battery.
Possible output currents depend on the input-to-output voltage ratio. The boost converter is based
on a hysteretic controller topology using synchronous rectification to obtain maximum efficiency at
minimal quiescent currents. The output voltage of the adjustable version can be programmed by an
external resistor divider, or is set internally to a fixed output voltage. The converter can be switched
off by a featured enable pin. While being switched off, battery drain is minimized. The device is
offered in a 6-pin SC-70 package (DCK) measuring 2 mm x 2 mm to enable small circuit layout size.
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J= R

Figure 2 TPS61221 Functional Block Diagram
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Alternative parts

TLV61220: Similar functionality, same price range

TPS61025: Higher output current at given conditions

TPS61291: Similar functionality, higher output current than TPS61221 at TIDA-00599 operating
conditions
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2.2 Other TI Components

2.2.1 MSP430X09X Low Voltage microcontrollers Family

The Ultra-Low Voltage Series include the MSP430C09x and MSP430L092 parts. These 2 series of low
voltage 16 bit microcontrollers have configurations with two 16-bit timers, an 8-bit analog-to-digital
(A/D) converter, an 8-bit digital-to-analog (D/A) converter, and up to 11 I/O pins. For more
information, see MSP430 Low Voltage Wiki.

"L" as in the MSP430L09x series, which indicates a RAM-only part; it must remain continuously
powered to retain its programming.
Family Members Include
Native 0.9V -1.5V operating range
e No charge pump
Logics at 0.9-1.5V range
Utilize entire battery life
e RAM development/ROM production

Ultra low voltage family
e MSP430C091
1KB ROM Memory
128 Bytes RAM + 96 Bytes CRAM (Lockable)
e MSP430C092
2KB ROM Memory
128 Bytes RAM + 96 Bytes CRAM (Lockable)
e MSP430L092
2KB Loader ROM with service functions
2KB RAM (1792 + 128 + 96 Bytes Lockable)

"L" as in the MSP430L09x series, which indicates a RAM-only part; it must remain continuously
powered to retain its programming.
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Figure 3 Functional Block Diagram, MSP430L092PW
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Figure 4 Functional Block Diagram, MSP430C092PW, and MSP430C091PW

Power specification overview, as low as:

e 1 pARAM retention

e 1.7 pAreal-time clock mode

e 180 pA/ MIPS active

e 09Vtol5V(1MHz)

e 15Vto1.65V (4 MHz)

e Power Consumption
o Active Mode (AM): 45 uA/MHz (1.3 V)
o Standby Mode (LPM3, WDT_A Mode): 6 pA
o Off Mode (LPM4): 3 pA

Device parameters:

e Speed options: 4 MHz

e ROM options: 1-2 kB

e SRAM options: 2 kB

e ADC options: 8-bit SAR

e GPIO options: 11 pins

e Other integrated peripherals: up to 2 16-bit timers, watchdog timer, brown-out reset, SVS,
comparator, temperature sensor

e ——
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3 Design Implementation Guidelines
Table 1 shows the design parameters of the power management design
Table 1 Power Design Parameter
PARAMETERS NOMINAL VALUES
@ T=25°C
Vour (Regulated output) Boost Converter (TPS61221) | 3.3V
LDO (LP5910) 1.8V
lour Max’ Boost Converter (TPS61221) | 50mA —l,po
LDO (LP5910) 40mA’
Vin (limited by ULV MSP430 power supply) 09Vto1l.65V

3.1 MSP430x09x Ultra Low Voltage Microcontroller

The MSP430x09x has various low power consumption modes: active mode, CPU OFF, Stand By, and
OFF. The active mode consumes the most current because all oscillators and clocks are running.
During the OFF mode the CPU is turn off but the oscillators and clocks are still running in the using
only 3 pA.

The Figure 5 shows MSP430L092 current consumption per modes of operation.

50
40
< 30
20
10 3
0
CPU OFF Active stand by off
HF-OSC on HF-OSC on HF-OSC off Only VLO
LF-OSC on LF-OSC on LF-OSC on Clock ON
pA/MHz

Figure 5 MSP430L092 Power Modes

MSP430x09x family consumes an average of 45uA per MHz; the frequency of operation is limited by
the input voltage. The MSP430x09x can operate up to 1 MHz from 0.9 V to 1.5 V input voltage and
from 1.5 V to 1.65 V it can operate at higher frequencies up to 4 MHz.

! For higher current options please see alternative boost converters in section 2.1.2
% The LP5910 lout_maximum 1S 300mA, but in this application is recommended to use a load under 40 mA to keep the boost converter from

saturating
e —

TIDUA73 - September 2015
LP5910 and TPS61221 as a Power Reference Design for Ultra-Low Voltage MSP430X09X Companion Devices 6

Copyright © 2015, Texas Instruments Incorporated



13 TEXAS
INSTRUMENTS
Tl Designs: TIDA-00599 www.ti.com

3.2 LP5910 High PSRR LDO

The LP5910 was selected for this design due to the small form factor package, high PSRR and cost
optimize.

ViN Vout

OT IN OUTTO

Cin _EOUT
1 HF‘ LP5910 1pF

VeNg  leN
ON
orr—] GND

GND GND

3.2.1 Output Current

The LP5910 is capable of delivering 300mA output current, however in this design it is recommended
to limit the output current to a max of 40 mA because the LP5910 is sharing the output current of the
TPS61221 with loads connected in the 3.3 V rail. If higher current is required the TPS61025 can be
used which is capable of providing ~250 mA when boosting to 1.8 V from a 0.9 V input voltage,
however the TPS61025 comes in a bigger package, has higher quiescent current and is less cost
effective than the TPS61221

3.2.2 Input Output Voltage

The LP5910 operates from an input voltage range of 1.3V to 3.3V and comes in fixed output voltages
in the range of 0.8 V to 2.3 V in increments of 25 mV steps and is available in two packages DSBGA
and WSON. In this application the LP5910-1.8YKAR was selected which is a DSBGA package with 1.8 V
output voltage. However if the user application requires different voltage

3.2.3 Capacitors

The LP5910 requires that at least 1uF capacitors near the input and output pins. Capacitor tolerances
such as temperature variation and voltage loading effects must be considered when selecting
capacitors to ensure that they will provide the minimum required amount of capacitance under all
operating conditions for the application.

In general, ceramic capacitors are best for noise bypassing and transient response because of their
ultra-low ESR. It must be noted that if ceramics are used, only the types with X5R or X7R dielectric
ratings should be used.

Input Capacitor
To ensure proper loop operation, the ESR of the capacitor used for C,y must not exceed 0.50hm. Any
good quality ceramic capacitor will meet this requirement.

Output Capacitor

Any type of capacitor may be used for Coyr, with no limitations on minimum or maximum ESR, as long
as the minimum amount of capacitance is present. The amount of capacitance can be increased
without limit. Increasing the size of Cqyr typically will give improved load transient response.

On top of the small package size the LP5910 saves more board space by not requiring a bypass
capacitor.

TIDUA73 - September 2015
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3.3 TPS61221 Boost Converter with 5.5uA Quiescent Current

The TPS61221 was selected for its low quiescent current and small foot print package with only a
three compensation components.

3.3.1 Output Current

The TPS61221 is capable to deliver a maximum of 200 mA when is operating from a high power
supply, however in this design the TPS61221 is operating from a power supply in the range of 0.9V to
1.65V which limit the output current to ~50mA.

3.3.2 Input Output voltage

The TPS61221 output voltage is fixed to 3.3V. At low extremes of input voltage, less output current is
available, and efficiency is lower. To save power the boost is only going to be enable to power the
peripherals or sensors for a short period of time and then it will enter the shutdown mode by pulling
the EN pin low (0.2 x V|y). During the shutdown mode the converter stops switching and all internal
control circuitry is turned off, but the input is connected to the output through the MOSFET back-gate
diode typical leakage current is 1 pA. It is recommended to disable the LP5910 at the same time that
the TPS61221 is disabled to minimize the leakage current.

For alternative output voltage option use the adjustable output voltage version TPS61220

3.3.3 Inductor Selection

To make sure that the device can operate, a suitable inductor must be connected between pin VIN

and pin L. Inductor values of 4.7 uH show good performance over the whole input and output voltage

range. Choosing other inductance values affects the switching frequency f proportional to 1/L as shown

in Equation 1.

- 1 Ve * (Vour -Vay) Equation 1
fx200 mA Vour

A higher inductor value might improve efficiency by reducing the switching frequency thus reducing
the switching loses, but it might affect the transient response.

3.3.4 Capacitor selection

Input Capacitor
A 10 p capacitor is recommended to improve transient behavior

Output Capacitor
The output capacitor is 10uF. The output capacitor needs to be half of the inductance or higher for
stability reasons.

L
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3.4 Alternative Voltage Boost Method

This section shows a discrete method to generate a higher voltage rail from the single cell powering

the MSP430 using a discrete boost and a high PSRR LDO.

The design presented in this section is a model that have not
been tested of validated further than the presented simulation

Note

The Figure 6 represents the alternative voltage boost method. The MSP430 is used as a switch
controller for the boost converter circuitry. The output of the boost is followed by a high PSRR, low

noise LDO to generate a steady and ripple free 1.8 V voltage rail.

Enable/Disable signal Sensors
Noise sensitive
D|g|ta| sensors
@—Power—p

MSP430X09X

PWMP o

Co-processor
always-on

Battery 1.5V

BOOST

Vout to LDO

C333u lout(MAX)=30mA

D2 1N4148

Battery
1.5V

PWM from MSP430
f=166kHz

LCll
I u

VF2
‘

R3400  T1BC817-16LT1

The boosted voltage permits interaction with Serial Peripheral Interfaces (SPI) and low voltage
sensors interacting with the ULV microcontroller. For additional examples and more detail

) D=60%

Figure 6 Booster Circuit

~2V

LP5910
1.8V

explanation about the discreet boost circuit please see SLAU324 MSP430L092 User’s Guide
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Figure 7 shows a Tina spice simulation of the output of the boost converter circuitry and the LP5910
regulator. The input voltage is 1.5V and the maximum recommended load current for this model is 15
maA.

The gate current of the FET is less than 4mA which is within the MSP430 maximum output pin current
specs of 5mA.

3.00—

2.00— Boost 2.1V
% LP5910
%P 1 1.8V
>
1.00— | | V
b P1.2 PWM
1 { Signal
0.00 1
0.00 100.00u 200.00u 300.00u 400.00u 500.00u
Time (s)

Figure 7 Boost Circuitry Output Voltage
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4 Design Power parameters

4.1 Total Typical leakage current

The table below shows the total typical leakage current in shutdown/disable mode, which only 1.217
WA are contributed by the voltage regulators.

Table 2 Total Shutdown Current in Shutdown Mode

DEVICE TOTAL SHUTDOWN CURRENT (pA)
LP5910 0.02
TPS61221 1.215
MSP430x09x 3
Total 4.235

4.2 Power-Up Time Diagram

The microcontroller send an enable signal high to pin B2 of the LP5910 and Pin 6 of the TPS61221 for
as long as needed to power the peripherals or sensors, and then disable the regulators output voltage
by pulling the EN pin low. Table 3 Shows the EN pin requirements of each device and the MSP430x09x
port output voltage capability.

Table 3 Enable Pin voltage requirements

DEVICE PIN NAME VOLTAGE LEVEL
LP5910 EN pin B2 High level voltage - 0.85V
Input Voltage Typical EN pin Input current: 3.3pA
Low Level voltage = 0.75
TPS61221 EN Pin 6 High level voltage = 0.8 x VIN
Input Voltage Max EN pin Input current: 0.1pA
Low Level voltage = 0.2 x VIN
MSP430x09x Ports P1, P2 High level voltage = Vcc-0.0125
Output voltage Output current: 0.1pA
Low Level voltage =0.2 x VIN

Figure 8 shows the typical power up time diagram of the power system

MSP430
P1,P2
Signal

Vee - 0.0125m——

Boost
33V

o e
1.8V ﬂ

Figure 8 Power-Up Time Diagram
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5 Test Setup
Note
The TIDA-00599 board is not available for purchase, but the design files
can be downloaded from http://www.ti.com/tool/tida-00599.
Also the EVMs for LP5910 (LP5910YKA18EVM) and TPS61221
adjustable version (TPS61220EVM) can be ordered at www.ti.com

Before applying power to the TIDA-00599 board, all external connections should be verified. The
external power supply must be turned off before being connected. Confirm proper polarity to the V,y
and Vgyr terminals before turning the external power supply on.

5.1 Test Equipment
The following table shows the test equipment used to collect test data.

Table 4 Test Equipment

TEST EQUIPMENT PART NUMBER
Oscilloscope Agilent DPO4014B
DC voltage supply Agilent E3631A
Multimeter Agilent E34401A
Network Analyzer Agilent E5061B ENA
Wg
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6 Test Data
6.1 LP5910 Test Data

6.1.1 Power Supply Rejection Ratio

The output voltage ripple rejection ratio was calculated by comparing the regulated output voltage
ripple to the input voltage ripple of 50 mV over a frequency range of 10 Hz to 1 MHz

Test Parameters

L VIN =23V
o VOUT =18V
e Frequency sweep=10 Hzto 1 MHz
VDD
VOUT
Network
Analyzer
20log (Vour/Vin)
Figure 9 PSRR Test Setup
0
10
-20
30 N\

- ~
T e

-

PSRR, dB

-100
1.E+01 1.E4+02 1.E4+03 1.E+04 1.E405 1.E406 1.E407
Frequency, Hz

Figure 10: Comparison between Frequency and PSRR
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6.1.2 LP5910 Noise Density

VOUT= 1.8V
Bandwidth = 10 Hz to 100 kHz

0.20 — — 3 00MA

0.10

0.05

0.00 1 T T \
1.E+01 1.E+02 1E+03 1E+04 1.E+05 1.E+06

Frequency, Hz

Figure 11 Noise Density
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6.1.3 Load Transient and Regulation

Line regulation test is defined as the change in output voltage from nominal value resulting from a
change in load current.

Test parameters:

e Load current slew rate: 10 mA/us
e Load Step: 100 mA to demonstrate the worst case, in this design the transient will be even

smaller, because the load step should be a maximum of 40 mA
o VOUT: 1.8
e Cour=1pF
| Load
IOUT VOUT oa
Oscilloscope
Figure 12 Load Transient Test setup
120 10
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Figure 13 Load Transient Rising Edge Load Step
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Figure 14 Load Transient Falling Edge Load Step
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6.1.4 LP5910 Power up Timing
Test parameters:

e Vour=138

e Cour=1pF
25 25
20 20

/’ 1.5

Vin, V
Yout,

1.0

1.0

=—\/in

Vout
0.5

-25 0 25 50 75 100 125 150
Time, us

Figure 15 Power up Timing

0.5

0.0

6.1.5 LP5910 Dropout Voltage
Dropout voltage is the voltage difference between the input and the output at which the output
voltage drops to 100 mV below its nominal value.

The maximum dropout voltage is expected to be 150 mV at room temperature, the nominal voltage
of the boost converter in the alternative discreet boost method in section 3.4 should be 1.8 V+Vpg

300

250

200

150

Vdo, mV

/. —B-Vout=1.8V

100 / /

) -//

0 t

0 50 100 150 200 250 300
lout, mA

Figure 16 Dropout Voltage vs lout

I
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6.1.6 Thermal image

Test parameters:
e Package = DSBGA
e Py=450 mW (Power dissipation)
®  Tawsent=22°C

- 600

dh 3PNt B

—nn

Name: Low Lim| Fail % | Emiss syHi (Hpi) | Z<Low [Hpix) Mean
IC. perimeter 0.0 1.00
REGION 1.00
PINT 1000 | 00 1o0] 12 3492 | 3607

Figure 17 DSBGA LP5910 Thermal Capture
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Results:
Tease (TOP) = 53°C

The junction temperature (T,) was approximated to be 59.7 °C with Equation 2

T)= Yy Po+ Tease (ror) Equation 2
U= LP5910 Junction-to-top characterization parameter is 15 °C/W

The junction to ambient thermal resistance (Resa) of the LP5910 on the evaluation board was
approximated using Equation 3 and it came out to be 83.7 °C/W

Res = (TJ - TAMBIENT)/PD Equation 3

Note
Thermal results are directly related with PCB and board layout, the thermal
characteristics will vary for a different PCB.
For more information about thermal metrics, Please refer to the IC Package
Thermal Metrics application report SPRA953B
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6.2 TPS61221 Test data
6.2.1 Efficiency vs Input Voltage and Output Current
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Figure 18 Efficiency vs Input Voltage and Output Current
6.2.2 Efficiency versus Output Current and Input Voltage
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Figure 19 Efficiency versus Output Current and Input Voltage
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6.2.3 Efficiency versus Input Voltage and Output Current
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Figure 20: Efficiency versus Input Voltage and Output Current

6.2.4 Startup after Enable
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Figure 21: Startup after Enable
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7 Design Files

7.1 Schematics

To download the Schematic, see the design files at http://www.ti.com/tool/tida-00599
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Figure 22 TIDA-00599 Schematic (LP5910)
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Figure 23: TIDA-00599 Schematic (TPS61221)
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7.2 PCB Layout Recommendations

e As arule of thumb avoid connections using long trace lengths and narrow trace widths. These
will add parasitic inductances and resistance that resulting in inferior performance especially
during transient conditions

e Avoid any sharp corners. Electric fields tend to build up on corners, increasing EMI coupling.

e The input and output capacitor, as well as the inductor should be placed as close as possible
to the IC.

e Ensure a low resistance path for ground and return paths

7.2.1 PCB Layout Guidelines

Polygon cutout under
the inductor to avoid
noise coupling

Wide input/output power
traces and solid ground
plane

Capacitors close to
IN/OUT pins

GND_EN2_IN -7}
oLfReL.Jo
11N
C aacitors close to

IN/OUT pins

Figure 24: TIDA-00599 Layout Guidelines
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7.2.2 Altium Project

The Altium project files can be downloaded at the link below.
http://www.ti.com/tool/TIDA-00599

e  Gerber and NC-drills

e Bill of Materials (BOM)

o Assembly Drawings
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9 Terminology
Tl Glossary: SLYZ022 This glossary lists and explains terms, acronyms, and definitions.
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, 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 components or services are used.
Information published by TI regarding third-party products or services does not constitute a license 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.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs 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 altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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