T1 Designs
Daisy-chained Temperature Sensor Reference Design for
SensorTag

{if TEXAS INSTRUMENTS

Design Overview Design Features

The TIDA-00800 reference design entails 4 ¢ Daisy-chained temperature sensors (TMP107)
temperature sensors along a daisy chain in a cabling

° ™ |i
environment. The sensors connect to the Bluetooth Low Energy™ link from

SensorTag development platform via the UART *  SensorTag platform

interface where the information can be transmitted

wirelessly. The Bluetooth low energy wireless * SMAARTWIRE™ Interface: Allows up To 32
technology makes testing and demonstration easier Daisy-Chained devices using UART interface

due to its integration in most modern equipment.

The form factor and electrical connections are *  Temperature range: -55°C to +125°C

compatible with TI SensorTag 2.0 ecosystem, +  Accuracy: 0.4°C from -20°C to +70°C
allowing easy prototyping with other wireless ) )

technology (Zigbee, Wifi, sub 1GHz...), while the * Resolution: 14 bits (0.015625°C)
selected sensor allows industrial grade accuracy

and resolution. Featured Applications

Design Resources o )
« Distributed temperature sensing

TIDA-00800 Design Folder « Isolated Field transmitters
TMP107 Product Folder

CC2650 Product Folder Board Image

SensorTag Product Folder
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1 Key System Specifications

Parameter Specifications and featu res Details
Temperature measurement range -55°C to +125°C Section 3.1.1.1
Accuracy +0.4°C from -20°C to +70°C Section 3.1.1.1
Wireless protocol Bluetooth Low Energy® Section 3.1.2
Input power source CR2032 Li-ion coin cell battery | Section 4.1.4
Operating Power supply range 2.2V to 3.6V Section 3.1.21

Table 1: System specifications

2 System Description

Temperature measurement is an area of measurement that spans many applications such as
cold-chain logistics, building automation, agricultural equipment and industrial process
control.

This reference design targets especially the needs for isolated and/or distributed sensing
applications that require multi-point temperature measurements with high accuracy and
electrical isolation between the central control and the sensor nodes.

The design uses the SimpleLink™ SensorTag by TI. It allows quick and easy prototyping of
IoT devices. It includes the CC2650 wireless MCU which is a cost-effective, ultra-low power,
2.4-GHz RF device. The SensorTag communicates with a BLE enabled smartphone; an
Android application is available to read the different sensors.

The SensorTag is interfaced with four TMP107 temperature sensors mounted on a cable to
enable long distance and multipoint sensing. To ensure the lowest power operation, the
different TMP107s are initialized into shutdown mode, and a single one-shot conversion is
periodically enabled by the MCU when it is connected to a smartphone. The different
TMP107s are UART-Compatible, the MCU uses the SMAART Wire™ Interface to
communication to the daisy-chained devices, and this interface is basically a one-wire
communication.
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Figure 1: System Block Diagram

3.1 Highlighted Products

The Temperature sensors in a Daisy-chained Cable for SensorTag reference design features
the following devices:
- TMP107
- Digital temperature sensor with bidirectional UART one-Wire interface.
- SensorTag
- Tl design kit that allows quick and easy prototyping of 10T devices.
- CC2650
- Wireless MCU targeting Bluetooth Smart, ZigBee and 6LoWPAN, and
ZigBee RF4CE remote control applications.
- SN74LVC1G125
- Single bus buffer gate with 3-State Outputs.

For more information on each of these devices, see the respective product folders at
WWW.ti.com

]
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3.1.1 TMP107 description

The TMP107 digital output temperature sensor supports up to 32 daisy-chained devices.
Each sensor has a unique 5-bit address stored in EEPROM. The TMP107 is capable of
reading temperatures with a resolution of 0.0015625°C, and is accurate to within £0.4°C in
the range from -20°C to +70°C. The TMP107 is ideal for replacing NTC and PTC thermistors
where which accuracy is required.

The unique 5-bit address stored in the EEPROM is determined during the automated address
assignment operation, and is based on the position of each sensor relative to the SMAART
wire host. Multiple operating modes provide maximum flexibility in selecting between low
power consumption for battery operation, and high update rates for real-time control
applications.

The TMP107 is ideal for extended temperature measurement in a variety of industrial,
instrumentation, communication, and environmental applications. The TMP107 is available in
an 8-pin SOIC package and is specified for operation over a temperature range of -55°C to
+125°C.
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Figure 2: Typical application
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Figure 3: TMP107 block diagram

3.1.1.1 TMP107 features
e High Accuracy:

- %0.4°C (max) from —20°C to +70°C
- 20.55°C (max) from —40°C to +100°C
10.7°C (max) from -55°C to +125°C

. ngh Resolution: 14 Bits (0.015625°C)

« UART-Compatible, SMAART Wire™ Interface:

- Allows Up To 32 Daisy-Chained Devices
« EEPROM Memory for Unique Addressing, Trip Level Programming, and General-

Purpose Storage

e Continuous Conversion and Shutdown Mode for power Savings
« One-Shot Conversion Mode for Custom Update Rates and Power Saving

. Programmable Alert feature

« Operating Temperature Range: -55°C to +125°C
* Operating Supply Range: 1.7 Vto 5.5V

* Package: SOIC-8
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3.1.2 CC2650 Description

The CC2650 is a wireless MCU targeting Bluetooth Smart, ZigBee and 6LoWPAN, and
ZigBee RF4CE remote control applications. The device is a member of the CC26xx family of
cost-effective, ultra-low power, 2.4-GHz RF devices. Very low active RF and MCU current,
and low-power mode current consumption provides excellent battery lifetime and allows
operation on small coin cell batteries and in energy-harvesting applications.

The CC2650 contains a 32-bit ARM Cortex-M3 processor running at 48-MHz as the main
processor and a rich peripheral feature set, including a unique ultra-low power sensor
controller, ideal for interfacing external sensors and/or collecting analog and digital data
autonomously while the rest of the system is in sleep mode.

SimpleLink™ CC26xx wireless MCU
RF core

2

Main CPU

ARM®

Cortex®-M3 Digital PLL
DSP modem
ARM®
Cortex®-M0
SRAM

General peripherals / modules Sensor controller

I'C 4x 32-bit timers Sensor controller
engine
UART 2x SSI (SPI, W, TI)
12-bit ADC, 200 ks/s

128 Watchdog timer
2x comparator

10/15./31 &P0s TRNG SPI-I’C digital sensor IF

AES Temp. / batl. monitor Constant current source

32 ch. yDMA RTC Time-to-digital converter

DC-DC converter 2KB SRAM

Figure 4: CC2650 block diagram

3.1.2.1 CC2650 features

e Microcontroller
- Powerful ARM Cortex-M3
- EEMBC CoreMark Score: 142
- Up to 48-MHz Clock Speed
- 128KB of In-System Programmable Flash
- 8-KB SRAM for Cache
- 20-KB Ultra-Low Leakage SRAM
- 2-Pin cJTAG and JTAG Debugging
- Supports Over-The-Air Upgrade (OTA)
e Ultra-Low Power Sensor Controller
- Can Run Autonomous From the Rest of the System
- 16-Bit Architecture
- 2-KB Ultra-Low Leakage SRAM for Code and Data
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« Efficient Code Size Architecture, Placing Drivers, Bluetooth Low Energy Controller,
IEEE 802.15.4 MAC, and Bootloader in ROM
* RoHS-Compliant Packages
- 4-mm x 4-mm RSM QFN32 (10 GPIOs)
- 5-mm x 5-mm RHB QFN32 (15 GPIOs)
- 7-mm x 7-mm RGZ QFN48 (31 GPIOs)
e Peripherals
- All Digital Peripheral Pins can be Routed to any GPIO
- General-Purpose Timer Modules (8 x 16-Bit or 4 x 32-Bit Timer, PWM Each)
- 12-Bit ADC, 200-ksamples/s, 8-Channel Analog MUX
- Continuous Time Comparator
- Ultra-Low Power Analog Comparator
- Programmable Current Source
- UART
- 2x SSI (SPI, pW, TI)
- I’C
- 128
- Real-Time Clock (RTC)
- AES-128 Security Module
- True Random Number Generator (TRNG)
- 10, 15, or 31 GPIOs, Depending on Package Option
- Support for 8 Capacitive Sensing Buttons
- Integrated Temperature Sensor
¢ External System
- On-Chip internal DC-DC Converter
- Very Few External Components
- Seamless Integration With the SimpleLink CC2590 and CC2592 Range
Extenders
- Pin Compatible With the SimpleLink CC13xx in 4-mm % 4-mm and 5-mm x 5-
mm QFN Packages
* Low Power
- Wide Supply Voltage Range
- Normal Operation: 1.8 t0 3.8 V
- External Regulator Mode: 1.7 to 1.95 V
- Active-mode RX: 5.9 mA
- Active-mode TX at 0 dBm: 6.1 mA
- Active-mode TX at +5 dBm: 9.1 mA
- Active-mode MCU: 61 pA/MHz
- Active-mode MCU: 48.5 CoreMark/mA
- Active-mode Sensor Controller: 8.2 pA/MHz
- Standby: 1 pA (RTC Running and RAM/CPU Retention)
- Shutdown: 100 nA (Wakeup on External Events)
* RF Section
- 2.4-GHz RF Transceiver Compatible With Bluetooth Low Energy (BLE) 4.1
Specification and IEEE 802.15.4 PHY and MAC
- Excellent Receiver Sensitivity (—97 dBm for BLE and —100 dBm for 802.15.4),
Selectivity, and Blocking Performance
- Programmable Output Power up to +5 dBm
- Single-ended or Differential RF Interface
- Suitable for Systems Targeting Compliance With Worldwide Radio Frequency
Regulations
= ETSI EN 300 328 (Europe)
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= EN 300 440 Class 2 (Europe)
= FCC CFR47 Part 15 (US)
= ARIB STD-T66 (Japan)
e Tools and Development Environment
- Full-Feature and Low-Cost Development Kits
- Multiple Reference Designs for Different RF Configurations
- Packet Sniffer PC Software
- Sensor Controller Studio
- SmartRF Studio
- SmartRF Flash Programmer 2
- |AR Embedded Workbench for ARM
- Code Composer Studio

4  System Design Theory

4.1 Component selection

4.1.1 SensorTag 2.0 platform

The SensorTag has been chosen to build the wireless daisy-chained temperature sensors
design because it allows the developer to extend its functionality and add features including
display, lighting, capacitive touch, new sensors and much more.

The SensorTag includes a samtec connector that allows connecting a daughter board to it.
The pinout of this connector has direct connection to the CC2650. The embedded software
platform and the android application also make it a good platform to easily build wireless new
applications.

In addition to these great features, the SensorTag and its debugger are very low cost
solutions, allowing any interested person to build his own application. For more information
about the SensorTag, please visit the following link www.ti.com/sensortag-bn

4.1.2 TMP107

The TMP107 digital temperature sensor device was chose for this Tl design to provide high
accuracy temperature measurement on long distance. The daisy-chained sensors are built in
parallel in a3 wire cable. The robust UART-compatible SMAART wire interface transfers data
over a single wire at distances up to 1000 feet (300 meters) between consecutive devices in
the chain, and is capable of communicating in a daisy-chained configuration with up to 32
devices on a single bus.

4.1.3 SN74LVC1G125

To avoid any bus contention between the host and the TMP107 devices, the tri-state buffer is
used.

4.1.4 Coin cell Battery

The CR2032 lithium—ion coin cell battery is used as the power source for the SensorTag and
the temperature sensor add-on board due to its ability of providing long shelf life, continuous
voltage supply (220mAh at 3V) and its great availability on the market.
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5 Getting Started Hardware

5.1 Hardware overview

The Wireless daisy-chained temperature sensors reference design is based on stacking up
the SensorTag with an addition on board that interfaces with the long haul cable. It is
recommended to keep the SensorTag in its plastic case to isolate it from the addition on
board; it also helps to have good mechanical mounting.

Figure 5 Hardware Setup

Interfacing the SensorTag with the add-on board for the TMP107s requires programming the
appropriate firmware in the SensorTag, which is different from the one provided originally with
the Tl BLE SDK.

To evaluate the reference design, please follow these steps:
1. Download the firmware for SensorTag and the android application from the following

link: http://www.ti.com/tool/TIDA-00800

2. Connect the SensorTag to the PC through an appropriate debugger probe. Do not
remove the battery from the SensorTag.

3. Upload the Firmware to the SensorTag. Please see section 5.2 for more details on

how to do it.

. Disconnect the debugger probe and reset the SensorTag by removing the battery.

. Connect the temperature sensing cable to the add-on board.

. Connect the add-on board to the SensorTag.

. Start the application on the Android device.

. Read the temperature values on the Android device.

oo ~NoO O b

5.2 Uploading firmware to the SensorTag

For general information about SensorTag, refer to the SensorTag wiki
(http://processors.wiki.ti.com/index.php/SensorTag2015)
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Many options are available to debug or flash SensorTag, the TMP107 reference design has
been tested using option XDS110 USB debugger, because of its low cost and availability. For
information about the different debuggers options refer to the following wiki:
(http://processors.wiki.ti.com/index.php?title=CC13xx_CC26xx_Tools Overview#XDS110)

In this section we will describe how to upload the binary files to the SensorTag using the low
cost debugger XDS110 and using free Tl tools.

To upload the binary (hex) files to the SensorTag:

1. Download & Install Flash Programmer 2 : http://www.ti.com/tool/flash-programmer
2. Run Flash Programmer 2 , connect your debugger and make sure that it appears in
Connected devices section along with CC2650 chip as described in Figure 6 :

3.

Smart ™Flash Programmer 2 . 171

Connected devices:
=] XDSWU‘WJ‘ XDS-06EB12100... |

Flash image(s)

image Overrides ([}

CoMiz), €0
@ Uninowm @ Snge | . :_ce26i0c_2_01_00_444; Tag_THMP107_. )_v1/SensorTagStackFlashROM.he: E Brow:
() Mutiple ‘ ["] Disable [ | KeepC

Customer Config

_Aahiock,

[} Write-protect pages

[7] Lock debug interfac

Actions Hide optiong<<< Secondary MAC Addre
rase

Flash Address EEE 802

17| Retain secondary E

Refresh [¥] Auto-detect

Selected target(1}.

@ Allunprotected pages © Entire source file — [7] Retain secondary E
© Pages in image (clude pages in image filed with:

Erase pages to be programmed, Program entire source image, Verify with readback and compare o

4 Status Clear.

Flash size: 128 KB ‘

Ram size: 20 KB

Chip revision: 2.2

Package size: 7«7

Figure 6: SmartRF Flash Programmer 2 interface

4. Two hex files have to be downloaded to the CC2650, one for the application and one
for the stack.

a. In main tab, select in “Flash image(s)” section “Single” option and browse for
the application hex file SensorTagAppFlashOnlyOAD.hex as described in
figure 7.

b. In “Actions” section check Erase, Program and Verify and MAKE SURE that
in Erase section Pages in image is selected NOT ALL unprotected pages!!

c. Finally hit Play button. A successful download should led to something similar
in the following picture.

d. Repeat the same actions for the stack hex file SensorTagStackFlashROM.hex
Restart the SensorTag, the new FW should work properly.
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Note: If the CC2650 doesn’t appear when connecting the XDS110, the XDS110
firmware might be out of date. To update the XDS110 firmware using xdsdfu please
refer to README under C:\ti\ccs_base\common\uscifixds110 in your computer.

@ Single | C:isimplelinible_cc26xx_2_01_00_44423/Proj Tag_TMP107_ _v1/SensorTagAppFlashOnlyOAD: hex
2) Multiple

| [7] pisable [ keepC ‘

Flash lock

[7] wirite-protect pages
]
[7] Lock debug interfac
Actions Hide options<<< Sccondary MAC Addre

Flash Address IEEE 802

[”] Retain secondary E

Flash Address BLE: Ox!

| M skip | S ——
= Allunprotected pages © Entire source file e [ ain secondary
@ Exclude pages in image filed with: |
= @ Pages
Erase pages to be programmed, Program entire source image, Verify with readback and compare °
A Status Clear

Verification finished successfully.
>Reset target ..
=Reset of target successfull

Success!

Figure 7: SmartRF Flash Programmer 2 interface

5.3 SensorTag source code:
Source code and project configuration are available for CCS v6 and IAR platforms

a. Download and install TI BLE STACK V2.1.

b. Copy the provided project file SensorTag_TMP107_ProjectFile_v1.zip to the

following location: C:\ti\simplelink\ble_cc26xx_2_01_00_44423\Projects\ble in your

computer.

Extract the zip file in the same location.

d. Two project configurations are available, one for the IAR and the other for CCS.
Both have been tested. For more details on how to develop CC2650 using either
IAR or CCS v6, please refer to the following document (SWRU393).

o

5.4 Running the android application:

1) Using USB cable copy the BleSensorTag-TMP107.apk file (available in the
TMP107_Sensotag_androidapp folder) into your mobile phone mass storage location.

2) Using your file explorer on your device search for the apk and click on it, it should
suggest install option. Device may ask you to check Unknown sources in settings ->
Security-> Device administration. (some phones don’t have native file explorer |
recommend then installing ES file explorer)

3) After installing the application and running it, click on scan after powering on the
SensorTag as shown in Figure 8:
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n BLE SensorTag b4
BLE DEVICE LIST HELP
CC2650 SensorTag
- 68:C9:0B:06:0E:82  Connect
Rssi:-59 dBm
I3 TEXAS
INSTRUMENTS
1 device
Scan )

Figure 8: Android application scan interface

4) Click on connect, all sensors should appear , scroll down to find the TMP107
Sensors:

EX 2650 sens... o

SENSORS HELP

TMP107 demo:
sensor 1 &2
§] 124.42'C, §2:23.34'C

.
TMP107 demo:
sensor3 & 4
- $3:23.47C, $4:23.52C
1

Key press state

Sensor state

Figure 9: Android application sensors data interfac e

5) Optional: the unit of temperature can be changed by clicking on settings (in the app)
and checking imperial units as described in figure 10:
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( m Preferences
UNITS

Imperial units
Turn imperial units on or off.

Keep-Alive r
Keep connection alive 20 seconds on T4
app pause

Figure 10: Android application preferences interfac e

6 Getting Started Firmware

6.1 High level embedded application overview

Upon power up, the CC2650 starts performing Bluetooth advertising, and when an Android
device requests pairing, the BLE link is set and the two devices are connected. The CC2650
can starts sending data to the android device. For more information about the process, refer
to the Software Developer’'s Guide for BLE-Stack ™ (SWRU393)

Once the two devices are connected, the CC2650 performs internally registers configurations
of the TMP107s to prepare proper data reading. After reading the different data, the CC2650
transmits them through the BLE link to the Android device and enter into a periodic sleep
mode. For more details about TMP107 configuration refer to next subsection.
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CC2650 BLE
Advertising

Android Device
Request Pairing

BLE Link
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Register
Configuration of
TMP107's

v

Read Data

v

Transmit to
Android Device

v

Sleep

NO

Figure 11: Application flow chart
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6.2 TMP107 configuration and data reading

The application is battery operated, so for power savings considerations the data from the
temperature sensors is read in one-shot mode, which means that conversion happens only
on demand and the sensors are in shut down mode the rest of the time.

To set the sensors into this mode, the configuration register has to be set properly by setting
to 1 the SD (shutdown) bit. To perform a single temperature conversion, the OS (one-shot) bit
has to be set in the configuration register. After waiting for the conversion to finish the data
can be read.

7 Test Data

7.1 Temperature Characterization

Figure 12 shows the test setup for temperature testing. For this test, the cable that has the 3
sensors is placed in Delta 9064 Environmental Test Chamber. The SensorTag and its add on
board are left outside the test chamber.

Figure 12: Delta 9064 Environmental Test Chamber an  d Test Setup

The test chamber was programmed to do temperature steps every 10°C, from 0°C to 60°C.
Figure 13 shows the data readings from the Android application from the two tests for every
TMP107 sensor in the chain. These readings confirm the accuracy of TMP107 in this design
is around +/- 0.078 °C (typ), +/- 0.26°C (max) without calibration.
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Oven Temperature (°C) TMP107 #1 TMP107 #2 TMP107 #3
Temperature (°C) | Temperature (°C) | Temperature (°C)

0.0 0.24 0.03 0.16
10.0 9.7 9.91 9.97
20.0 19.8 20.01 19.98
30.0 29.9 30.14 30.12
40.0 39.6 39.92 39.84
50.0 49.75 49.92 49.81
60.0 59.74 59.95 59.88

Figure 13: TMP107 Temperature reading results

e ——
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8 Design Fil es

8.1 Schematics

To download the Schematics for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

COMMECTOR TO THE SENSORTAG 2.0 CONMECTOR TO THE TMP107 CABLE
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Figure 12: Tl design schematics
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8.2 Bill of Materials

To download the Bill of Materials for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

8.3 PCB Layout Recommendations

This section covers mechanical needs for SensorTag and layout considerations for the
design.

The designed board has to be mechanically stacked with the SensorTag board. In this sense,
the dimension of the board and the position of the skin connector play a crucial role.

In order to connect the two boards properly, it is important that the bottom layer of the
designated board is without components apart from the skin connector. Also, all the
components placed on the top layer have to be SMD because the through-hole ones could
cause connectivity problems due to their leads that protrude through a PCB.

For all the TI products used in this Tl design, ensure that care is taken to adhere to the layout
guidelines given in the respective datasheets.

8.4 Layout Prints

To download the Layout Prints for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

8.5 Altium Project

To download the Altium project files for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

8.6 Gerber files

To download the Gerber files for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

8.7 Assembly Drawings

To download the Assembly Drawings for each board, see the design files at
http://www.ti.com/tool/TIDA-00800

TIDAMUS — October 2015 Temperature sensors in a Daisy-chained Cable for SensorTag 18

Copyright © 2015, Texas Instruments Incorporated



13 TEXAS
INSTRUMENTS
www.ti.com

9 Software Files

To download the software files for this reference design, please see the link at
http://www.ti.com/tool/TIDA-00800

10 References

For additional references, see the following:
1. TMP107 Datasheet, Digital Temperature Sensor with Bidirectional UART One-Wire Interface
and EEPROM (www.ti.com/tmp107)
2. CC2650 Datasheet, Simplelink™ Multistandard Wireless MCU (SWRS158)
3. Simplelink™ Bluetooth®low energy CC2640 wireless MCU, Developer’'s Guide (SWRU393)
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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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