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1 System Description
1.1 Cautions and Warnings
The TIDC-BLE-METER-READING TI design is designed to operate hardware powered directly from an
AC supply. Tl advises that only professionals with the appropriate technical training operate this hardware.
Before operating the hardware please read the safety-related documents that accompany the user’'s
guide.
CAUTION
Read user guide before use.
CAUTION
Do not leave the EVM powered when unattended.
CAUTION
HOT SURFACE: Contact may cause burns. Do not
touch.
CAUTION
HIGH VOLTAGE: Electric shock possible when
connecting board to live wire. The board should be
handled with care by a professional. For safety, use
isolated equipment with overvoltage and overcurrent
protection.
1.2 System Description

This design is about an application for reading an energy monitor device over a Bluetooth® Low Energy
(BLE) link using the SimpleLink™ CC2650 multi-standard wireless MCU and corresponding SensorTag
module as the development platform. This guide details dedicating, defining, and implementing a profile to
meter reading. The module is then connected to the hardware (with a minor modification) from the Tl
design TIDM-3OUTMSTSTRP as the metering data source. This Tl design also includes an Android
application that functions as a remote reader and control terminal.

As an example to show readers how to create custom-tailored services and applications, this document
details the process of creating the aforementioned services incorporated into the profile of the SensorTag
application.
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1.4

CC2650

The CC2650 is a multi-standard, 2.4-GHz ultra-low-power wireless MCU. The CC2650 in this design
functions as the Bluetooth LE controller. The CC2650 is a self-contained controller that comprises an RF
controller, MCU, and a sensor controller. These components allow a very simple and self-contained
implementation of a Bluetooth LE device. In addition to the Bluetooth LE low-level functionalities, and
because the CC2650 contains an MCU, including the profile services is possible, as well as implementing
the application and interface to monitor energy on a single chip.

MSP430i2040

The MSP430i2040 MCU functions as the metrology processor in this design. The MSP430i2040 device
allows accurate energy measurements with its four 24-bit sigma-delta analog-to-digital converters (ADCS),
providing voltage, current, power (active, reactive, and apparent), power factor, and frequency readings of
three AC outlets. The MSP430i2040 only requires a few passive external components to directly interface
to the voltage divider and current shunt for voltage and current measurements.

TIDUA18-June 2015 Bluetooth® Low Energy for Energy Monitoring 3
Submit Documentation Feedback

Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA18

Block Diagram

13 TEXAS
INSTRUMENTS

www.ti.com

2 Block Diagram
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Figure 1. TIDC-BLE-METER-READINGS System Block Diagram
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2.1 Highlighted Products

211 CC2650

« MCU
— Powerful ARM® Cortex-M3
— EEMBC CoreMark® Score: 142
— Up to 48-MHz of 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)

» 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

» Efficient code size architecture, placing drivers, Bluetooth LE controller, IEEE 802.15.4 MAC, and
Bootloader in ROM

2.1.2 MSP430i2040
» Supply voltage range of 2.2 Vt0 3.6 V
» 16-bit RISC architecture, up to 16.384-MHz system clock
*  Memories
— Up to 32KB of flash main memory
— 1KB of flash information memory
— Up to of 2KB of RAM
» Clock system
— 16.384-MHz internal DCO
— DCO operation with internal or external resistor
— External digital clock source
« Up to four 24-bit sigma-delta ADCs with differential programmable-gain amplifier (PGA) inputs
» Two 16-bit timers with three capture and compare registers each
» Enhanced universal serial communication interfaces (eUSCIs)
— eUSCI_A0
» Enhanced UART with automatic baud-rate detection
» IrDA encoder and decoder
e Synchronous SPI

— eUSCI_BO
* Synchronous SPI
. I’C

» 16-bit hardware multiplier
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3 System Design Theory

Basic Bluetooth LE

This section is a brief introduction to Bluetooth LE implementation. For more information, refer to the
Texas Instruments Wiki [4] and the Bluetooth Developer Portal for more details [5].

To begin working with Bluetooth LE, understanding the definitions of a few key terms is important,
specifically the following roles and operations: Master, Slave, Client, and Server; Read, Write, Notify, and
Indicate; and Profile, Service, and Characteristic.

» A Master (sometimes called “central”) is the device or devices that scan for other devices. Usually a
master is implemented on a smart device such as a smartphone, tablet, or PC usually implement a
master.

* A Slave (sometimes called “peripheral”) is the device that promotes its own visibility and waits for a
connection. Usually a slave is implemented on a remote device.

e ACClient is a device that remotely accesses data or resources through Bluetooth LE over a Generic
Attribute Profile (GATT) protocol (the BLE protocol). A client is usually implemented on a master,
although this is not a requirement. The client is not the same as a master.

» A Server is a device that sources data, receives data, or provides resources to clients. A server is
usually implemented on a slave; although this is not a requirement. The server is not the same as a
slave.

An important thing to note when working with Bluetooth LE is that a single device is not restricted to either
being a master or slave (except a device cannot function as both simultaneously). A single device can
also be configured to be a client of one set of data while functioning as a server of another set of data,
which is why a device can function as a client and serve in parallel.

In the application level, to transfer data over Bluetooth LE, four operations are used:
» Read operation —The client device requesting data from a server device

» Write operation —The client device request to transmit data to a server device

» Notify —The action where a server device transmits data into the client device

» Indicate —This action is similar to Notify except that Indicate requires an acknowledgment from the
client

Before using the above operations for data exchange, identifying whether the server device provides the
desired resources and data that the client is seeking is necessary. Bluetooth LE Utilizes a data structure
known as a profile for this identification.

» A characteristic uses a data structure to contain the unique identification (in the form of a 128-bit or
16-bit universally unique identifier, or UUID) for accessing the data and the permission to access the
data.

e A service uses a data structure to contain the information and unique identification (in the form of a
128-hit or 16-bit UUID) of the service. A service also contains a collection of characteristics that the
service provides.

» A profile uses a data structure to contain the unique identification (in the form of a 128-bit or 16-bit
UUID) of the profile, then the service and data is provided. A profile contains a collection of services
that it provides.
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Figure 2 shows the hierarchical relationship between the profile, service, and characteristic roles or

operations.
Bluetooth LE
Peripheral
[ 1
Profile C Profile A Profile B
— T ——— |
[ I |
Service C1 Service C2 Service Al Service A2 Service B1 Service B2 Service B3
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Figure 2. Profile, Service, and Characteristic Hierarchy

3.1 Metering Service Definition

The TIDC-BLE-METER-READINGS design designates the original CC2650 SensorTag (CC2650STK)
board as a slave device running as a server. The user then adds the metering service profile to the
original SensorTag profile.

The first step to adding the meter reading function with Bluetooth LE is to define the metering service. This
service provides the characteristics that allow the client application to access the required information.

The UUID chosen for the metering services is based on the TI UUID used in the SensorTag application:
FOOOXXXX-0451-4000-B000-000000000000 (where “XXXX” is” EE00). The UUID characteristics are
defined with a sequence number starting from EEOL.

The access attribute of the dynamic parameters (voltage, current, power, power factor, and frequency) is
“read” and “notify”. The static characteristics are designed to be read-only and the controllable
characteristics are read-and-write enabled. Figure 3 shows the definition of the metering service and its
characteristics.

Metering Service (UUID : FOOOEE00-0451-4000-B000-000000000000)

EEO1 Meter Properties
(Read)

EEOQ7 Meter Phase Power Factor
(Read and Notify)

EEO2 Meter Reading Enable
(Read and Write)

EEO08 Meter Phase Frequency
(Read and Notify)

EEO3 Meter Reading Update Period
(Read and Write)

EE09 Meter Phase Power On State
(Read and Write)

EEO04 Meter Phase Voltage
(Read and Notify)

EEOA Meter Phase Select
(Read and Write)

EEO05 Meter Phase Current
(Read and Notify)

EEOB Meter Name
(Read)

EEO06 Meter Phase Power
(Read and Notify)

EEOC Meter Version
(Read)

Figure 3. Metering Service
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3.2 Adding Files

The user must add the following files to the project:

1. In the SensorTag— Application folder, add a link to the file (see Figure 4, Figure 5, Figure 6, Figure 7,
and Figure 8):
ORG_PROJ_DIR\..\.\.ASource\Application\SensorTag_Metering.c

2. In the same folder, add a link to the file:
ORG_PROJ_DIR\..\..\.\Source\Application\SensorTag_Metering.h

3. In the SensorTag— Board— Devices folder, add a link to the file:
PROJECT_LOC\..\..\Source\Device\dIt645.h

4. In the same folder, add a link to the file:
PROJECT_LOC\..\..\Source\Device\dlt645client.c

g 1 ¢ - il & |

+'» CCS Edit - SensorTagPlus/Startup/main.c - Code Composer Studio
File Edit View MNavigate Project Run Scripts Window Help

i PR i
Iy Project Explorer &3 = <f;> ¥ = 0O | [g SensorTag_Met... SensorTag_Met... meteringservi... || meteringservi... |€| SensorTag.c || Board.c
+ 2 HIDEmuKbd Z

93 /* Kick off application - Priority 1 */

L0
ti LA 94  SensorTag_createTask();

» = SensorTag

95  SensorTagTmp_createTask();
4 ':% SensorTagPlus [Active - FlashROM] 96 SensorTagHum_createTask();
> gb Binaries 97 SensorTagBar_createTask();
> il Includes 98 SensorTagMetering createTask();
- - 99
a |pp Applicati =
+ [ Senst Mew v [ Project...
> [ Sensq oy copy Ctrl+C | 5% CCS Project
> gy Sensd Table = (uint32_t*) @x2eocoeee;
(&) Sensd Paste Cirl+V @ Energia Sketch ectors = & wvector_table;
o 2 |
. 3 Delete Delete ¥ File
ﬁée"“ S N pecific interrupt vectors into RAM vector table.
> & ENS( ource Hetrom lemplate counter < 15; H(GLH"ItEI")
> gy Sensq Move... 9 Folder
> @ SENSC Rename. 2 = *flashVectors++;
> gy Sensg & Class
> [y Sensg Import » | K HeaderFile
> gy Sensd by Export. ¢ Source File
> Sensg f= drft=rreis start SYS/BIOS */
& % Target Configuration File il SNERRHES ol SETE SEYEED %

> gy Sensq Show Build Settings...

> By Senst  Exclude from Build = Other.. Ctil+N

> L8 SENSY o pefresh F5 Ta 7+

» oy Sense Error handlers to be hooked into TI-RTOS

> gy Sensq Index 4 1

3 @ Sensq Make Targets » id smallErrorHook(Error_Block *eb)

> gy Sensq

@ Sensd Rescurce Configurations 3
5
» Ly utile Team 3
Egl‘ ? u:l‘h Compare With b void exceptionHandler()
3 oart
» g Drivers Restore from Local History... 128 volatile uints t i = 13
129
= IFCIESITROII Properties Alt+Enter 138 while(i){}
> e A 131}
> (73 ICalIBLE 132
> [ Include 1
3 PROFILES
s g Startup Bl Console 52 ’ *[f v = 8 [f Problems 32 | A
+ (= targetConfigs No consoles to display at this time. 0 errors, 22 warnings, 0 o
- 2 TOOLS Description
» [ SensorTagPlusStack > & Warnings (22 iter

s

» [ SensorTagStack
» [ SimpleBLEPeripheral
» = SimpleBLEPeripheralStack

Figure 4. Add Link to File 1: Right-Click Folder to Add - Select New— File
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Enter or select the parent folder:
SensorTagPlus/Application
i}

» (= .config
i (= Jaunches
(= .settings
'y Application

> (p Board

> (& Drivers

. (= FlashROM
(g ICall
(e ICallBLE
(e Include
(p PROFILES
(i Startup

(= tarnetConfins

File name:

Finish

@

r M
<+ New File L‘—M
File
N t b b
€3 Name cannot be empty:.

m

Figure 5. Add Link to File 2:

r A
7 New File (B
File
€3 Name cannot be empty.

Enter or select the parent folder:

SensorTagPlus/Application

» [ .config
(= Jaunches
[ .settings
[p Application

> [ipy Board

> [opy Drivers

> [ FlashROM

Cp ICall
Cp ICallBLE

[y Include
[y PROFILES
[y Startup

File name:

[¥] Link te file in the file system

m

Browse...
Choose file system:
@ Finish

Variables...

Cancel |

Click “Advanced >>"

Figure 6. Add Link to File 3:
Check “Link to file in the file system”

-
«+ Select Link Target

i

-
OO—'| . < Projects » ble » SensorTag - Plus » CC26ix » Source » Application - | 3 | | Search Application e |
Organize « New folder =~ [ '@'
il Recent Places  + Name ’ Date modified Type Size i
@ | SensorTag_Gyr.c 9/11/2014 14:23 CFile 10 KB
4 Libraries — % | SensorTag_Gyr.h 9/11/2014 14:23 H File 4 KB
3 Documents % | SensorTag_Hum.c 2/17/2015 02:29 CFile 11 KB
il| EmailFolder | SensorTag_Hum.h 2/17/2015 02:29 H File 4 KB
]l Git # | SensorTag_I0.c 2/17/2015 02:29 CFile 10 KB
gﬂ Links | % | SensorTag_10.h 2/17/2015 02:29 H File 4 KB |
& Music 1 | SensorTag_Keys.c 2/18/2015 02:07 CFile 10 KB
E‘] OldDesktop % | SensorTag_Keys.h 2/17/2015 02:29 H File 4 KB
@l OldMyDocumen || SensorTag_Metering.c 5/29/2015 16:31 C File 15K8|
=] Pictures # | SensorTag_Metering.h 4/14/2015 15:37 H File 4 KB
gl] Software e #% | SensorTag_Mov.c 2/17/2015 02:29 C File 12 KB E
E Videos #% | SensorTag_Mov.h 2/17/2015 02:29 H File 1 KB
% | SensorTag_Opt.c 2/17/2015 02:29 CFile 11 KB
M Computer % | SensorTag_Opt.h 2/17/2015 02:29 H File 4 KB
5_3 05Disk (C:) % | SensorTag_Tmp.c 2/17/2015 02:29 C File 11 KB
ca VERBATIMHD (F - ] SensorTag_tmp.h 2/17/2015 02:29 H File 4 KB =
File name: SensorTag_Metering.c hd [*-* ']
[ Open |v] I Cancel ]
b
Figure 7. Add Link to File 4: Select File to Add
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7 New File

File

Create a new file resource.

Enter or select the parent folder:

SensorTag/Application

(= Application
Board
Drivers
FlashROM
ICall
ICalIBLE
Include
PROFILES.
(= Startup
(= targetConfigs
= Tools
»  SensorTagPlus
P o

TPOeRRe

File name:  SensorTag_Metering.c

Il [¥] Link to file in the file system

Choose file system

@
@

Citivsimplelink\ble_cc26x_2_00_00_42893\Project

]|

Figure 8. Add Link to File 4: Click “Finish”

5. In the SensorTag->PROFILES add a link to the file:
ORG_PROJ_DIR\..\.\.\.\.\Profiles\SensorProfile\CC26xx\meteringservice.c

6. In the SensorTag->PROFILES add a link to the file:
ORG_PROJ_DIR\.\.\ .\ \. \Profiles\SensorProfile\CC26xx\meteringservice.h

7. Create a virtual folder in the project under SensorTag— Drivers and name it "UART" (Figure 9)

CS Edit - SensorTagPlus/Startup/main.c - Code Composer Studio

-

T W

Edit View MNavigate
T iR IR i

Project Explorer 3%
Z HIDEmuKbd
s

i~ HIDEmuKbdStack
= SensorTag [Active - FlashROM]

> 3 Binaries
> [ Includes
> [p) Application
> [zpy Board
4 |[zp) Driver;
T
> @ P Copy
> G EPE Paste
]
, G Flashi % Delete
> 2 ICall Source
> 2y ICallBl Move...
> 2y Includ Rename...
> [z PROFI
> (g Startu Import
> targel o Bxport...
> 2 TOOL

e
i~ SensorTag
s
= SensorTa(
s
= SensorTa(

Exclude from Build

&) Refresh
2 SimpleBLl
& SimpleBL| Index
Make Targets

Resource Configurations

Team

Compare With

Restore from Local History...

Properties

Project Run

¥ v

Show Build Settings...

Scripts  Window Help

ER Y= 0O At] SensorTag_Met..,

92
93
94
95

SensorTag_Met.. meteringservi...
f* Kick off application -
SensorTag_createTask();
SensorTagTmp_createTask();
SensorTagHum_createTask();
SensorTagBar_createTask();
SensorTagMetering_createTask();

Priority 1 */

108 #ifdef FEATURE OAD

r;
orTable = (uint32 t*) 9x20000000;
hvectors = & vector_table;

@; counter < 15; ++counter)

i+ = *flashVectors++;

Ctrl+N

» | [ | Project...
Ctrl+C | Z§ CCSProject
Ctri+V | @  Energia Sketch
Delete ¢ File
¥ | [ Filefrom Template
9 Folder
= & Class
b | [W] HeaderFile
¢ Source File
%  Target Configuration File
[ Other.
F5 15
»
3
3
3
»
Alt+Enter

* Error handlers to be hooked

into TI-RTOS

oid exceptionHandler()

wolatile wintd t i = 1;

while(i){}

B Console 53

Figure 9. Create Virtual Folder 1: Right-Click Folder to Add—Select New— Folder

EE

specific interrupt vectors into RAM ve

/* enable interrupts and start SYS/BIOS

10
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8. Click the “Advanced >>" button, enable the radio option for “Folder is not located in the file system
(Virtual Folder)”, type "UART" into theFolder name field, and then click the “Finish" button (see

Figure 10)

. \
+'+ New Folder [

Folder

Enter or select the parent folder:
SensorTag/Drivers

[y Drivers -

i (= FlashROM
p ICall
(7py ICalIBLE
(5 Include
(p4 PROFILES
(Epy Startup
(= targetConfigs
(7 TOOLS
(= SensorTagPlus
v £ SensorTagPlusStack
[ nsorfagstack

1% SimnleRl FRerinheral

=l
Create a new folder resource. [ /

Folder name:  UART|

[ <= Advanced |

"1 [= Use default location

&5 Folder is not located in the file system (Virtual Folder >
) (% Link to altemate location (Linked Folder)

i | default

| Resource Filters...

@ | Einish  |) cancel

Figure 10. Create Virtual Folder 2

9. In this virtual folder, add link to file:
TI_RTOS_DRIVERS BASE\ti\drivers\UART.c

10. In the same folder add link to file:
TI_RTOS_DRIVERS_BASE\ti\drivers\UART.h

11. In the same folder add link to file:
TI_RTOS DRIVERS_ BASE\ti\drivers\uarttUARTCC26XX.c

12. In the same folder add link to file:
TI_RTOS_DRIVERS_BASEMi\drivers\uarttUARTCC26XX.h

3.3 Coding for Metering Service, Metering Application, and Changes to SensorTag

Application Code

For further details, view Section 1, Section 2, and Section 3 of the coding details document (TIDCAH5).
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3.4 Board File

To make the board function correctly, the final board file requires a final, minor modification that defines
how the pins are connected.

Click on the link SensorTag— Startup— Board.c— CC26XXST_0120/Board.c and change the highlighted
lines:

PIN_Config BoardGpiolnitTable[] = {

Board_LED1 | PIN_GPIO_OUTPUT_EN | PIN_GPIO_LOW | PIN_PUSHPULL |
PIN_DRVSTR_MAX, /* LED initially off

Board_LED2 | PIN_GPIO_OUTPUT_EN | PIN_GPIO_LOW | PIN_PUSHPULL |
PIN_DRVSTR_MAX, /* LED initially off

Board_KEY_LEFT | PIN_INPUT_EN | PIN_PULLUP | PIN_IRQ_BOTHEDGES |
PIN_HYSTERESIS, /* Button is active low */

Board_KEY_RIGHT | PIN_INPUT_EN | PIN_PULLUP | PIN_IRQ_BOTHEDGES |
PIN_HYSTERESIS, /* Button is active low +/

Board_RELAY | PIN_INPUT_EN | PIN_PULLDOWN | PIN_IRQ_BOTHEDGES |
PIN_HYSTERESIS, /* Relay is active high */

Board_MPU_INT | PIN_INPUT_EN | PIN_PULLDOWN | PIN_IRQ_NEGEDGE |
PIN_HYSTERESIS, /* MPU_INT is active low */

Board_TMP_RDY | PIN_INPUT_EN | PIN_PULLUP | PIN_HYSTERESIS,
/* TMP_RDY 1is active high */

Board_BUZZER | PIN_GPIO_OUTPUT_EN | PIN_GPIO_LOW | PIN_PUSHPULL |
PIN_DRVSTR_MAX, /* Buzzer initially off */

Board_MPU_POWER | PIN_GPIO_OUTPUT_EN | PIN_GPIO_HIGH | PIN_PUSHPULL |
PIN_DRVSTR_MAX, /* MPU initially on */

Board_MIC_POWER | PIN_GPIO_OUTPUT_EN | PIN_GPIO_LOW | PIN_PUSHPULL |
PIN_DRVSTR_MIN, /* MIC initially off */

Board_SPI_FLASH_CS | PIN_GPIO_OUTPUT_EN | PIN_GPIO_HIGH | PIN_PUSHPULL |
PIN_DRVSTR_MIN, /* External flash chip select */
Board_SPI1_DEVPK_CS | PIN_GPIO_OUTPUT_EN | PIN_GPIO_HIGH | PIN_PUSHPULL |

PIN_DRVSTR_MIN, /* DevPack chip select */

Board_AUDIO_DI | PIN_INPUT_EN | PIN_PULLDOWN,
/* Audio DI +/

Board_AUDIODO | PIN_GPIO_OUTPUT EN | PIN_GPIO_HIGH | PIN_PUSHPULL |
PIN_DRVSTR_MIN, /* Audio data out */

Board_AUDIO_CLK | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
Board_DP2 | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
Board_DP1 | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
Board_DPO | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
Board_DP3 | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
// Board_DP4_UARTRX | PIN_INPUT_EN | PIN_PULLDOWN,
/* DevPack */
// Board_DP5 UARTTX | PIN_INPUT_EN | PIN_PULLDOWN,
/* Devpack */
Board_DEVPK_ID | PIN_INPUT_EN | PIN_NOPULL,
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/* Device pack ID - external PU */

PIN_TERMINATE
¥

/* UART hardware parameter structure, also used to assign UART pins */
const UARTCC26XX_HWAttrs uartCC26XXHWAttrs[CC2650_UARTCOUNT] = {
{ /* CC2650_UARTO */
.baseAddr = UARTO_BASE,
-intNum = INT_UARTO,
-powerMngrid = PERIPH_UARTO,
// .txPin = Board_EB UART_TX,
// -rxPin = Board_EB_UART_RX,
-txPin = Board_DP4_UARTRX,
.rxPin = Board_DP5 UARTTX,
.ctsPin = PIN_UNASSIGNED,
-rtsPin = PIN_UNASSIGNED

NOTE: Remember to click on the save button to save this change. The CCS IDE does not
automatically save upon building the project.
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3.5 Hints

3.5.1 Alternative to Modifying SensorTag Code

The provided software installation file consists of a CCS project that contains all the necessary information
and changes involved (except for the board.c file that Section 3.4 discusses). The folder

"SensorTag — Plus" consists of the whole set of source code for the SensorTag application, including the
metering application. The folder "SensorProfile — Plus" contains all of the profiles SensorTag uses in
addition to the source files for the metering service profile. Utilize the following steps to add the project
CCs.

1. Copy the "SensorTag — Plus" folder to the following directory path:
C:\tilsimplelink\ble_cc26xx_2_00_00_42893\Projects\ble

2. Copy the “SensorProfile — Plus” folder into the following directory path:
C:\ti\simplelink\ble_cc26xx_2_00_00_42893\Projects\ble\Profiles

3. Import the project “SensorTagPlus” into the CCS software
4. Import the project “SensorTagPlusStack” into the CCS software

5. Rebuild the "SensorTagPlusStack" project and download the resultant code to the SensorTag
hardware

6. Modify the Board.c file as Section 3.4 describes
7. Rebuild the SensorTagPlus project and download the resultant code to the SensorTag Hardware

8. In the case of an error that prompts that ST_METER is undefined, open SensorTagPlus— Board—
Interfaces— sensor.h and make the changes

3.5.2 CCS Environment

After compiling the project and code modifications, the code can successfully run on the hardware using:
e TI's Code Composer Studio™ (CCS) software Versions 6.0.1 and 6.1.0

e TI-RTOS Version “tirtos_simplelink_ 2 11 01 09"

* Tl's Bluetooth LE-Stack™ (BLE-Stack) Version 2.0.0.42893

The following directory paths assume that the user has the default folder settings for CCS, TI-RTOS, and
BLE-STACK 2.00.00.42893.

» The CCS 6 file location is C:\ti\ccsv6
» The TI-RTOS folder location is C:\ti\tirtos_simplelink_ 2 11 01 09

» The BLE-Stack files and all of the example projects are in the following location:
C:\ti\simplelink\ble_cc26xx_2_00_00_42893

Download the CCS Version 6 software here: http://www.ti.com/tool/ccstudio.

Download the BLE-Stack software here: http://www.ti.com/tool/ble-stack.
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4 Getting Started Hardware

41 TIDM-30OUTSMTSTRP Hardware Modification

The TIDM-30OUTSMTSTRP device requires a minor modification to allow more current to supply to the

3.3-V rail.

U4

AC(N)

AC(L)

VOUT-

VOUT+

6125FA1A

Used in BOM report

ouT

NR/FB

GND

I Cc28

TZZOHF
50V |

Figure 11. TIDM-3OUTSMTSTRP Hardware Modification

The LDO must be changed to TPS73633DBVREP. As this LDO is high-enabled, the 0-Q resistor R39
must be opened and R59 must be added to connect pin 3 to 5.0 V, instead

4.2 Connecting Sensor-Tag to TIDM-3OUTSMTSTRP

Before connecting the units, the user must remove the battery from the SensorTag, as this application
does not require a battery to operate. After removing the battery, place the SensorTag hardware back into
its plastic case and then connect it to the CC-DEVPACK-DEBUG device, as the Tl Debugger DevPack

Quick Start Guide instructs [5].

Connecting the SensorTag hardware to the TIDM-30OUTSMTSTRP device is simple and only requires to
connect the VDD, GND, TXD, and RXD pins; however, this may require some soldering skill.

The following diagram in Figure 12 shows the connection of the two boards.

CC-DEVPACK-DEBUG

TIDM-30UTSMTSTRP

o
m
il

TXD

RXD

2 1
DP11 4 3 DP12
DP10 6 5) DP7
DP9 8 7 DP6
DP8 10 9
SCL 12 1
SDA 14 13 DP3
%—16 15 DP2
»$—18 17 DP1
DP_VDD, 20 19 DPO

Header on CC-DEVPACK_DEBUG

o|~|o

000000000 *
92000000000

Q
-02-S-D-A-K-TR

_|
=)
s
N
o
o

k)
B
[N}

.|||_

o
@
z
o

R53
0 g

***000000*

P I e
©o|~N|o

.|||_

_|
hu|
<
'N
B

0-02-S-D-A-K-TR

v
Q
=z
o

Figure 12. Connections Between SensorTag and CC-EVPACK-DEBUG to TIDM-30OUTSMTSTRP
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5 Getting Started Firmware
After connecting the hardware, the next step is to download the firmware to the corresponding hardware.
5.1 Loading Firmware to CC2650 Sensor-Tag

To download the firmware:

1. Connect the SensorTag hardware to the CC-DEVPACK-DEBUG, as the Tl Debugger DevPack Quick
Start Guide instructs [5].

2. With CCS Version 6 or above installed on the PC, connect the CC-DEVPACK-DEBUG’s micro USB
connector a USB port.

3. Select the "SensorTagStack" project, click on the debug button, and wait for the firmware code to
download completely.

4. Select the "SensorTag" project that contains all of the additions and changes made for the Bluetooth
LE meter reading application. Click on the debug button (see Figure 13) and wait for the firmware code
to download completely.

5. Disconnect the CC-DEVPACK-DEBUG device from the USB connection.

'+ CCS Edit - SensarTagl) in.c - Code Composer Studio - 1 l‘: - '.
File Edit View N un  Scripts Window  Help
1 Bk
[ Project Explorer 52 ,LQI-TEELMLI_Ei 2. ¥ = 0 | [g SensorTag_Met... [K] SensorTag_Met... [h] meteringservi..
+ [y humnidityservice.h » 92 . = - =
= : /* Kick off application - Priority 1 */
' ,_ﬁ !oser\r!ce.c SensorTag_cre;teTask(); 4
A % ioserviceh SensorTagTmp_createTask();
» |gy irtempservice.c SensorTagHum createTask();
+ [} itempserviceh SEnsor‘TagBar_createTask();.
0 ﬁ meteringservice.c SensorTagMetering_createTask();
e b #ifdef FEATURE OAD
s & movementservice.c { =
+ [l movementservice.h uint8 t counter;
p | opticservice.c uint32 t *vectorTable = (uint32 t*) @x2088(
b [k opticservice.h uint32 t *flashVectors = & vector_table;
- [ peripheral.c R Seaie tnec e SR ter Ut Vectors 3
et : // Write image specific interrupt vectors i
! m peripheral.h for(counter E @; counter < 15; ++counter)
I |g registerservice.c {
L @ regicterservice.h *yectorTable++ = *flashVectors++;
- [ simplekeys.c 3
» [y simplekeysh #endif //FEATURE_OAD
[ ﬁ st_util.c T —
[ %st_util.h BIOS start(); * enable interrupts and stari
[ 0ad ;
M - 119 * Error handlers to be hooked into TI-RTOS
Figure 13. Debug Button
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5.2 Loading Firmware to TIDM-3OUTSMTSTRP

Perform the following steps to download the firmware to the TIDM-30OUTSMTSTRP hardware. The
hardware must use the USB debugging interface MSP-FET430UIF to perform the download

1. Temporarily disconnect VDD from the SensorTag, as this is required to program the TIDM-

30UTSMTSTRP device

2. Connect the MSP-FET430UIF to P1 of the TIDM-3OUTSMTSTRP device and short positions 1-2 on

J8 with a jumper (C21 may require temporary removal for the programming)

Click the "Open Code File" button and select “emeter-app-i2041.d43” inside the install folder of this

3. Skip to Step 7 if the Elprotronic FET-Pro-430 Lite software is installed on the PC
4, Visit https://www.elprotronic.com/productdata to download the FET-Pro-430 Lite software
5. Unzip the downloaded .zip file and run the setup.exe executable file
6. Follow the prompted instructions to complete the install
7. Launch the FET-Pro-430 Lite software
8. Proceed to update the firmware if prompted for an MSP-FET430UIF firmware update
9.
design

10. Check the settings in the boxed-fields named Microcontroller Type, Power Device from Adapter, and

Device Action (see Figure 14)

e
B FET-Pro430 ( FET MSPA

File  View
~——
| Open CodeFile > I |EmEtEf—ﬁpP'\2041-d43 path: JoiUsers\a02831124Deskiopl, - Blow Security Fuse
I~ Enahle
Py |
Wicrocontroller Type Status EEY =
i PRI & Dievice Action
s i Pass | ™ Reload Coda Fila
= FOWER ON/OFF
1M5P43UI2U4W ¥ ; I™ Enable Blank Check
Totel: | RESET |
Target [ MSP430i2041 Bolancz: | 0 ] AUTOPROG.
— ~ Check Sum -
BSL: wer. 0.00 | - .
. ! il Source: | 0x07205303 M verity Socurty Fuse
Selected Device Information -
R - 2048 bytes:  FLASH-32 kB Memary: a | ERASE FLASH
.Report 1
Feading Code Filg e dong LE O BLANK CHECK.
— Code size = 0x3385 (13189 bytes ‘
O WRITE FLASH
| | WERIFY FLASH
S 00000000
T AR | READ / COPY

Part: USE Autormatic

Spy-Birvwire (2-wires)

Erase / \Write mermory option:

*All Memaory * rREAD } COPY

NEXT (F5)

Figure 14. TIDM-30OUTSMTSTRP Programming Setup
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11. Click the "READ/COPY" button to copy the original code and when Flash Memory Data window
appears (see Figure 16), click the "Copy" button, paste the data to an open note pad application, and
save it as a text file named “original.txt”. The creation of this text file is to restore to the original in the
case of errors.

FET-Pro430 ( FET MS! :
FiliosViewn St Selialuation ook sboug/Help

OpenCodeFile - Jemetgr—app—uzum d43  path: ]C\Users\auzaanE\Deskmp\ ~ Blow Security Fuse -
[~ Enahle
ST File J - Power Device from Adapter- 7 B BLOY
Microcontraller Type Status 33V - Dievice
Device Acton ——————————
- Woltage
Group: M3P430i20 _j Pass - ™ Reload Cade File

d
[MaPaamzon POWER ON/OFF |
Total ] PESET ]—_

I Enable Blank Check

Target MEP430i2041 Balance ]T 8 | AUTOPROG
-Check Sum——————————
Bst [ werdmo i .
) . | Source 0x07205903 Werlfy Security Fuse

i Selected Device Information -

FiARd - 2048 bytes;  FLASH-32 kB: | Memory. | ERASE FLASH

.?epurl

Reading Code File done Device Seralization . BLANK CHECK
— Code size = (x3385 {13189 bytes
WRITE FLASH

5 [oonooooo

Port USB Autamatic Erase { \Write memory option:
Spy-Bi-Wvire (2-wires) * Al Memaonys * ~READ / COPY

[NEREREEENERENERERERERERENRRENERERERENERRRRRERERERERENREERERD NEXT (F5)

Figure 15. Read Original Firmware

7
Flash Memory Data W— @

Addr: 00 01 02 03 04 05 06 O7 08 09 0a 0B OC 0D OE OF - Racii ———->

=== Information Memory Segments 0x1000 - Ox13FF ======

0x1000:  ——---m— blank-—(all 0xFF)-——-—

0x13a0: FF FF 66 02 FF FF FF FF FF FF FF FF FF FF FF FT
0x13B0:  ———--m— blank-——(all O0xFF)-——--—

0xi3c0: E1 p3 01 DA FF FF FF FF FF FF FF FF FF FF 02 02 ‘
| |0x13p0: 00 3F 03 04 82 CO 68 00 04 02 OC FF FE 22 FF FF | .7....k..
Gl blank-—(all GxPE)—

===—==——— Main Memory Segments 0x8000 - OxFFFF ======
0x8000: ——omm—m blank-——(all OxFF)-——-
0xC000: Fr FF 00 00 00 00 70 64 02 00 0E 00 B4 3F 54 31 |

0xC010: FO FF 00 00 OO 00 A4 5E 00 00 00 00 70 64 08 00 | .
0xC020: 0E 00 67 40 ¥3 31 FO FF 00 00 00 00 24 5E 00 00 | ..

I 0xC030: 00 00 70 64 08 00 OE 00 03 3F CF 30 FO FF 00 00 | ..
0xC040: 00 00 R4 5E FF FF FF FF FF FF FF FF FF FF FF FT ‘
0xC050:  —mmeme B1lank-—(all 0xFF)om—m——r

0xC400: FF 7F 06 20 11 7C 86 20 41 78 06 21 8E 74 86 21 | .0

0xC410: F6 70 06 22 78 6D 86 22 16 6a 05 23 CC 66 85 23 | .p."

0xC420: 98 63 05 24 78 60 85 24 73 5D 05 25 80 S5A 85 25 | .c

0xC430: Al 57 05 26 D5 54 85 26 1B 52 04 27 73 4r 84 27 ‘ W.&.T.&.R.'80."
0xC440: DC 4C 04 28 55 4A 84 28 DE 47 04 28 76 45 84 29 | .L.

0xC450: 1D 43 04 2 D2 40 33 2n 94 3E 03 2B 64 3Cc 83 2B | .C

0xC460: 40 3a 03 2C 29 38 83 2c 1D 36 03 2D 1D 34 83 2p | @:.,18.,.6.—.4.- =~

Nl [ skip blank

Figure 16. Copy and Save Original Firmware
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12. Close the Flash Memory Data window and click the "AUTO PROG" button (see Figure 17)

About/Help
Open CodeFile > ]emeler—app—iqua path ]C\Users\auesam2\Desk|up\ ~Blow Security Fuse -

[~ Enable
J Power Device from Adapter- i o BLOW ELSE

Microcontraller Type Status 33 - Device DA—
) = “oltage | [ Devies Adion——————————
Group: MSPAI02 | Pass 2 I™ Pieloas Cace File

[MsPaeor =] poweronore | O
Total 1 ﬂ Ji_

File View Setup Serialization Tools

™ Enahle Blank Check

Target MSP430i2041 Balance: 0 ]| AUTOPROG
~Check Sum—————
BSL: wer. 000 |
‘ ' | Soure: [ 0x07208803 B verty Secury Fuse
Selected Device Information -
R - 2048 bytes;  FLASH- 32 kE: || Memary. | 2]} ERASE FLASH
Report :
Feading Code File done B == [ | BLANK CHECK
— Code size = 0x3385 (13189 ) bytes 1
L] WRITE FLASH
O
1 O VERIFY FLASH ]
000onnoo
; 1 ] READ / COPY
Part: USE Automatic Erase | \Write memory option
Spy-Biwire (2-wires) *All Memary * ~READ / COPY!

NI ER RN RR IR R R AR R R RN R RN ER RN R R R R R R AN R R RN R RER RN AR EANEER NEXT (F5)

Figure 17. Start Firmware Programming

13. The software prompts a failure to verify (still troubleshooting this issue at the time of this writing);
however, check that everything verifies an "OK" status except for "Verifying Flash Memory" (see

Figure 18)

r - 3
"By FET-Prod30 ( FET MSP430 Flash Programmer) - Elprotronic Inc. [
File View Setup Serialization Tools Abeut/Help

OpenCodeFils - Jemeter—app-\?ﬂﬂ d43  path 1C\Users\aﬂZEHﬂZ\Desk{np\ Blow Security Fuse -
I~ Enahle
Sh e I Power Device from Adapter- 7 D BLO
Microcontraller Typi Status EETY = Device -
Group. MSPA30i20c =] : ‘ollage || TLR¥IRE Alien
s Fall I o ™ Reload Code File
POWER ONJOFF
el el z I” Enable Blank Chack
Total ]
Target: MSP430i2041 Balance. 0 X AUTO PROG.
BaL wer 000 Lheck Sum v
L IL Source: | 0x072D5903 VRS Se ORI
Selected Device Information -
RAM- 2048 bytes:  FLASH- 32KE; Memary: | 0x077D8Bz22 M ERASE FLASH
Report S
FAILED I - [ BLAMK CHECK.
JTAG communication initialization 0K |
Werifying Security FUSE ... . QK E SIRIREHE
Reading Retain Data done HAB0RIN.
Erasing Memony ... done Nt Modal G Beisian D WRITESH Y g
Vetitying Retain Data done l =l M Ll
JTAG communication initislization.. 0K >
Flash programming done E WERIPY FLASH
Werifying Flash Memory ... failed = et S0 (00000000
FAILED I (= e 5 2] READ } COPY
Port: USB Autormatic Erase [ Write memorny option:
Spy-BiWire (Z-wires) *All Memony * AUTO PROGRAM
ENEEENEEENERENEEENEEENERENREENEEENEEENENENEREANENANEENEEEN NEXT (F5)
Figure 18. Note Failure on VERIFY and Confirm Check Sum
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14. Click on View— Compare Code File and Flash Data. Select "Yes" when prompted to read the data
from the device first. After running the execution, check the last line of the "Comparation Code and

Flash Memory Data" window (see Figure 20) for the message “====

[sic].

"B FET-Prod30 ( FET MSP430 Flast
XAl

i

[View] Setup Serialization Tools

No differencies found. ===="

Code File Data

Flash Memory Data
A fist

View pending Sl
Power Device from Adapter-

Blow Security Fuse
™ Enable

a

Dievice Action
I” Reload Code Fils

I” Enable Blank Check

1
M
il ERASE FLASH

O BLANK CHECK "

Werify Security Fuse

[ WRITE FLASH
x VERIFY FLASH ]

il 13V = Device
o Compare Two Code Files: Current and ... Valtage
POWER ON/OFF
MSP430i2041 - i I
Tol | RESET —

Target MSPA30i2041 Balance 0

BaL ,ﬁ‘ﬁ‘u‘a‘—‘ ]; ~Check Surm -

: Source: 0x072D5303
Selected Device Information -
FAM- 2048 bytes:  FLASH - 32 kE; || Memory | 077DBB22  [X]
Report ' :
FAILED It =
JTAG communication intialization.... QK |
Werifying Security Fuse oK
Reading Retain Data............ done T AR
Erasing memony done Nt kA Saa R ey
Merifying Retain Data ... done : = ks
JTAG communication initialization oK |
Flash programming ... done
Wetifying Flash bMemaony failed [t ]U[II]EIEII]I]D
FAILED It [Ell : T

Port: USE Automatic Erase / Write memary option

Spy-Biwire (2-wires) *All Memony *

O READ / COPY

AUTO PROGRAM

NEXT (F5)

Figure 19. Perform Direct Code Comparison to Verify Written Firmware

Comparation Code and Flash Memory Data

Addr: 00 01 02 03 04 05 06 07 08 09 O OB Oc 0D OE OF

<= Bscii ———>

Data Result Comparation.
Only data from the code file that doss not matche==
with the Flash Memory data is displayed.

Extra data £rom the Flash Memory is ignorsd.

: First Line - Data from the Code File.
: Second Line - Data from the Flash Memory.

e S i P Bt o >

I Paste to Notepad

Exit |

Figure 20. Code Comparison Report

15. Re-connect the VDD line to the SensorTag board, completing the firmware programming of the
TIDM-30OUTSMTSTRP.

After the code is downloaded onto both boards the application is ready to run. As soon as both boards are
code-enabled, then download the BLESensorTag.apk for Android and install it to an Android device.
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7.1

Test Setup

To perform the test, be sure to first follow the hardware setup and firmware loading steps that Section 5.2
describes. Then apply AC voltage to the AC input of the power strip hardware. The LED’s on the TIDM-
30OUTSMTSTRP device light up and the LED on the SensorTag flashes.

To start the testing, launch the BLE SensorTag application on an Android device. Please note that due to
the variety of currently-existing Android devices, this android application has not been tested on every
android device. The android application may not run properly on particular devices. The following devices
have successfully tested the Android application: Sony Xperia Z Ultra C6833, Samsung Galaxy TabPro
8.4 STM-325, and the Red Mi 2 HM 2LTE-CMCC).

Test Data

Reading Test

Upon launching the Android applications, the Opening Screen appears (Figure 21). Click the "Scan"
button to start scanning for SensorTag devices. When the applications locates a valid SensorTag device,
the Device Selection window appears (Figure 22). Click the "Connect" button for the desirable device and
the application starts looking for the service that the SensorTag supports (Figure 23). After discovering the
supported service, the application automatically runs. Select the METERING tab to view the parameters
for the energy monitor (Figure 24).

7l (220 10:05 2 .l G2l 10:20

E3 i E sensorTag % EX g E sensorTag %
BLE DEVICE LIST HELP BLE DEVICE LIST HELP

CC2650 SensorTag
- 68:C9:0B:07:41:05 Connect
Rssi: -66 dBm

The Android device is not scanning. Please tap 'Scan’
to scan for SensorTags.

i3 TEXAS i3 TEXAS
INSTRUMENTS INSTRUMENTS

0 devices 1 device

Scan Stop X

Q

pa) ar ] o fr =

Figure 21. Opening Screen Figure 22. Device Selection
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B ccop50 sensorTag

SENSORS METERING

Meter Information
MSP430i2040 3 SOCKET P
SW Version: 1. 1. 1. 0.

HW Version: 2. 0. 0. 0.
Metrology Version: 1. 1. 0. 0.
Protcol Version: 1. 1. 0. 0.

Meter Control
Phase: 1

L Next
Discovering Services Phase Switch

Voltage
224.546V

Current
0.000000 A

Power

Active 0.102 W, Reactive -0.110 W, Apparent 0.150 W

R e )
e =<3 O /,\__.f

Figure 23. Service Discovery Figure 24. Running Screens

7.2 Controlling Test

The readings in the METERING tab can be set to monitor all three outlets. Click on the "Next" or
"Previous" button to toggle through the readings of different outlets and to control the relays of different
outlets (Figure 25).

% il 2528 10:21

«EX 2650 SensorTag &

SENSORS METERING

Meter Information
MSP430i2040 3 SOCKET P
SW Version: 1. 1. 1. 0.
HW Version: 2. 0. 0.
Metrology Version: 1.
Protcol Version: 1. 1.

=

BOROE
. 0.

o =

Meter Control
Phase : 2

Previous — Next
Phase Switch

Voltage
224430V

Current
0.000000 A

Power
Active 0.129 W, Reactive -0.096 W, Apparent 0.159 W

et i e—e—s s>—e

N et T

po) @ o=

Figure 25. Application Running With Socket 2 Data
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Design Files

8 Design Files

8.1 Schematics

To download the schematics for the metering board, see the design files at TIDM-30OUTSMTSTRP.

To download the schematics for the SensorTag board, see the design files at

TIDC-CC2650STK-SENSORTAG.

8.2 Bill of Materials

To download the bill of materials (BOM) for the metering board, see the design files at
TIDM-30OUTSMTSTRP.

To download the bill of materials (BOM) for the SensorTag board, see the design files at

TIDC-CC2650STK-SENSORTAG.

9 Distribution Software Files

To download the software files for this reference design, please see the link at
TIDC-BLE-METER-READING.

As Figure 26 shows, the software files are distributed using a self-extracting executable file that, by
default, installs into the TIDC-BLE-METER-READING-SOFTWARE folder on the user's desktop.

Desktop

TIDC-BLE-METER-
READING-SOFTWARE

Emeter-app-i2041.d43
Executable code for TIDM-
30UTSMTSTRP

BleSensorTag-debug.apk
Android application for meter
reading

SensorProfile — Plus
Folder containing the source
code for SensorTag profile
with metering service

SensorTag — Plus
Folder contraining the source
code for SensorTag
application with metering

Figure 26. Distribution Software
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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.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
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