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System Description

This ultrasonic flow meter (water, gas, or heat meter) reference design with LCD is built using the
TDC1000, TDC7200, and MSP430FR6989 @ . The TDC chip sets measure the time of flight of ultrasonic
signals traveling in the media with an accuracy of 52 ps as the LSB of the TDC7200.

The TDC1000 is the analog front end, which transmits and receives signal. The received signal is
amplified and passed to a comparator with a tunable internal reference voltage to output a sequence of
pulses called stop pulses. The TDC7200 is a high-resolution timer to measure the time of flight of signal,
starting from the time at which it is transmitted from the TDC1000 to the time the stop pulses are output.

This Tl design is battery powered with an ultra-low-power design. It mainly consists of the MCU, the
measurement chip set. A socket connecting the power supply circuit is provided for the RF module, which
is connected to the MCU through SPI and 1/0.

Ultrasonic transducers can be directly connected to the headers J8 (see the schematic diagram) of the
board. The user can also build an external board with connectors plugged into the headers of J8 and J9.

Two DC-DC convertors are provided. The TPS62740 is used for power supply for the MCU and
measurement system while the TPS61291 is used for the RF module. Both circuits are connected with
connectors J5 and J6.

Three push buttons are provided for users to implement more functions. This Tl design is a platform based
design. Users can connect their own external boards to the sockets or connectors to form a highly
sophisticated design.

The MSP430FR6989 is used to get to the market quickly. The ESI module in this MCU is not used in this design. Evaluate the
MSP430FR697x, a variant without an ESI module.
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2.2

Design Features

Ultra-Low-Power Design

The whole system consumes average current of 10.5 pA with a sampling rate of one measure per one
second. The LCD and RF module are in an off state to reduce power consumption. This is the first version
with a low-power design.

During the low-power mode, the system voltage is set to 2.5 V and consumes 0.5 pA. The only active
components during this state are the DC-DC converter TPS62740, the 32.768-KHz crystal, and the timer
of the MCU. The default setting of timer is one second. Once the timer reaches the count, the system
wakes up and the system voltage generated by the TPS62740 is set to 3.3 V by the MCU.

During the active mode, power is switched on for the TDC1000 and TDC7200, which are then initialized
and reset by the MCU through SPI. These chip sets will perform the measurement.

Once the measurement completed, the power supply to the TDC1000 and TDC7200 is switched off, and
the MCU enters low power mode 3 with the system voltage set to 2.5 V to lower the current consumption.

When switching the power of the devices on board to an active or low power mode state, a specific
sequence and settling time is required to minimize the leakage current and the time for stabilization. For
details, see the short functions TDC_Chips_On() and TDC_Chips_Off() in Main.c.

Ultrasonic Measurement for Time of Flight

The basic connection of the measurement analog front end to the MCU is shown in the block diagram of
Figure 1. The TDC1000 has connections to two ultrasonic transducers. The MCU is connected to TDC
chips with SPI and other control lines. During the measurement period, the MCU will power up TDC chips
and initialize them through SPI. The time of flight measurement process is done in the TDC1000 and
TDC7200 without intervention of MCU. After completing the process, the measurement data is stored in
the TDC7200. The MCU will then fetch the data by SPI and switch off the TDC chip set to save power.
The rest of the calculation is done in the MCU and the LCD will display the result. In this reference design,
however, the MCU sends the data to the PC GUI, which will process the calculation. The MCU enters into
low power mode and will repeat the whole process after a time interval of one second (default setting).

r N )
Trigger

Start TDC7200
Stop

FYVVYY

TDC1000

TX2/RX1 SPI

SPI

MSP430
\ J . _

Figure 1. Measurement Front End
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Figure 2 shows the overview working principle of the TDC1000. The time of flight is to measure the time
taken from the transmitting transducer to the receiving transducer. In the measurement process, the MCU
sends a start message through the SPI to the TDC7200, which then sends a trigger signal to the
TDC1000. At the same time, the TDC1000 will send a start pulse to the TDC7200 and transmit the first
ultrasonic signal through TX1 and received by RX1. This is in the same direction as the flowing media,
called upstream.

In the arrival of the received signal, the TDC1000 amplifies the signal and passes it to a comparator to
generate stop pulses, which are then measured by the TDC7200 to get the time of flight of the signal.
Registers of the TDC7200 containing the measurement data are then sent to the MCU through SPI for
further processing.

To measure differential time of flight, the TDC1000 needs to repeat the same process with opposite
direction, in downstream of the flowing media, transmitting signal from TX2 and received by RX2. The
differential result is obtained by time taken for downstream minus that for upstream.

The transmitting pulses to a transducer are a square wave. Its frequency can be pre-defined by internal
registers of the TDC1000.

TOF duration
i
: START

)
i Transducer A Transducer B
T
] JUUUL
|
1
1

e s 0V
J_L | Trigger ﬁ‘ — —

RX

Figure 2. Time of Flight Measurement
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Figure 3 shows an amplified received signal of the TDC1000 with a DC bias of VCOM. The signal is
passed through a comparator with an internal reference voltage as the threshold. When the voltage of the
signal is lower than the threshold, a stop pulse is then generated when the signal crosses the VCOM. The
number of stop pulse can be set with the registers. However, the maximum number of stop pulses
processed in the TDC7200 is five. Therefore, when setting the number of pulses in the TDC1000, it has to
be equal to or larger than the number of pulses set in the TDC7200.

Zero-Crossing Detected
after threshold exceeded
VCOM
Threshold

e L LN

Threshold
Output on ||||||||||/
STOP pin J
Maximum number of requested events (5 in this
figure) returned; subsequent events not reported
Figure 3. Received Signal to Stop Pulses Conversion
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Figure 4 shows how the TDC7200 makes the measurement. There are 13 registers, each of which has
24 bits to record the timing information. When the start pulse is generated from the TDC1000, the
TDC7200 starts to measure with the external clock of 8 MHz (in this TI design). The register "Time 1" is to
measure the time taken from the edge (polarity selectable) of the START pulse to the rising edge of the
8-MHz clock. This measurement is done using the internal high resolution timer of the TDC7200 with the
fine resolution of 52 ps (LSB) in average.

When the ultrasonic signal starts flying through the media in a flow meter, a timer register "CLOCK count
1" is counting the number of clock cycle of 8 MHz until the first STOP pulse is received. Register "Time 2"
is to measure the time taken from the edge of the first STOP pulse to the edge of the 8-MHz clock (the
same way as "Time 1"). With the information from "Timel", "CLOCK count 1", and "Time 2", the time of
flight from the edge of START pulse to the edge of the first STOP pulse can be calculated.

The timer is kept running, and the received signal propagates to generate the second STOP pulse.
Similarly, the same process is repeated for the second STOP pulse to obtain "CLOCK count 2" and
"Time 3". The process is kept on until the fifth STOP pulse is measured.

Because there might have some deviation of high resolution timer of the TDC7200 in every measurement,
the device needs calibration every time. Registers "Calibration 1" and "Calibration 2" ("Cal 1" and "Cal 2"
in Figure 4, respectively) are used. In the project's default setting, Cal 1 records timing information from
the high resolution timer in the period of 1 clock cycle of 8 MHz while Cal 2 does the same for 10 clock
cycles of 8 MHz.

Equation 1 calculates the calibration of the high resolution timer as follows:
Cal1x normLSB + offset =0.125 ps
Cal 2 x normLSB + offset =10 x 0.125 ps

10 -1 12
normLSBz(O )XO O KS

Cal 2 - Cal1
where
e normLSB = normalized least significant bit
e 0.125 ps =time for 1 clock cycle of 8 MHz (2)

Similar to calculating for other STOP pulses, Equation 2 calculates the time of flight for the first STOP
pulse as follows:

Time of flight = (Time 1- Time 2) x normLSB + CLOCK count 1x 0.125 pus @)
Time 1 Time 2 Time 6
‘ ‘ Cal. 1 Cal. 2

| |
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|
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CLK count 1
CLK count 5
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Start pulse i 5"
stop pulse stop pulse

Figure 4. Timing Registers on Five Stop Pulses
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2.3 Small Form Factor

The PCB board size is 3x3 inches, which can fit into most of the meter casing. Half of the board is
occupied with a big LCD and a socket for the RF module. The user can further reduce the board size with
a smaller LCD module. The PCB area for the main chip set of the TDC1000, TDC7200, and MCU is
merely 1.1 x 2.3 inches.

2.4 High Efficiency DC-DC Converter for System Power Supply

The TPS62740 step-down converter is used to convert 3.6 V of lithium battery into 3.3 V as system
voltage in active mode with an efficiency up to 90%. It takes a typical quiescent current of 360 nA. The
output voltage is selectable. When the system is in standby mode after each measurement, the output
voltage is set to 2.5 V to reduce overall current consumption to 0.5 pA.

2.5 Super-Cap Design for Power Supply of RF Module

When an RF module is transmitting signal, a large current will be consumed. However, some lithium
batteries have a limitation of output current. To cope with this situation, a super capacitor is used as a
buffer to store the charges from the battery and to supply large current for the use of RF power amplifier.

In the daily operation of a flow meter, the RF module is only switched on for a short time to send out the
reading of the meter to the data concentrator, a few times per day or per week. In the standby mode, the
module is switched off to save power. During the standby mode, the super capacitor is charged up to

2.5 V. In transmitting mode, a boost converter (TPS61291) connecting to the super cap is enabled to step
up the output voltage to 3.3 V, which will supply the power to RF module. All the current used in the RF
module will then only be taken from the supper capacitor.

2.6 Platform Design

The board is designed with a platform-based concept. It has the core function of measurement unit and an
MCU with an LCD module. The board also has reserved some sockets for adding on extra functionalities
or circuit modification.

One important socket is the RF socket, which is connected to the SPI and 1/O port of the MCU and has a
dedicated power supply module. This socket can plug in with the communication module, like Wi-Fi,
Bluetooth, or M-bus of a wired or wireless type. It also can be used as an extended connection to other
device modules.

The power supply module can be modified with the sockets connecting to it. The user can remove the
power components and replace it with a new module connecting to the sockets.

While programming the MCU, the user can select the JTAG interface or the Spy-Bi-Wire connection. In
the socket of the Spy-Bi-Wire, it uses a six-pin socket with a UART pin directly connected to MCU. This
socket is compatible with the eZ-FET tool of the MSP430.

27 PCGUI

A PC GUI is provided to control the operation of the system. This GUI has the panel for the TDC1000 and
TDC7200 set up. It can monitor the time of flight for each STOP pulse. The GUI has reserved some other
functions like the flow rate and temperature sensing. However, the first version of the MCU firmware has
not been implemented with these functions yet.
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3 Block Diagram

CC1120 RF daughter card
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Figure 5. System Block Diagram
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4 Circuit Design
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Figure 6. Tl Design of Ultrasonic Flow Meter

This solution of the ultrasonic flow meter is built on the TDC1000, TDC7200, and the MCU
MSP430FR6989 with an LCD display soldered on the bottom size of the board. This board is powered by
a 3.6-V lithium battery, which is down converted to 3.3 V through a voltage selectable buck converter of
the TPS62740. For the operation of this board, it can be descripted with 15 parts controlled with the MCU.
Details follow for each part:

1. An external board can be built and plugged into this socket and the socket of Part 2 to enhance its

features.
9
2 1
GPIO5 O 0O GPIO7
4 3 %
GPIO4 —O o——g GPIO6
GPIO3 g O O g TDC1000_CHSEL
GPIO2 10 —8 8— 9 VS
GPIO1
PPPC052LJBN-RC =
GND
Figure 7. Socket (J9) Connecting to I/O of MCU
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2. Ultrasonic transducers are to be connected through this socket.

J8 also provides two pin sockets for external temperature sensors connecting RTD1 and RTD2 signals
in the circuit. These signals are used when temperature of the media in a meter is included for the
measurement, like heat meters.

TX2/RX1or TX2

J

o

13 14
12

10

TX2/RX1or RX1

TX1/RX2 or TX1

AGND

NEEIN
0000000
0000000
N [ |

TX1/RX2 or RX2
AVDD

RTD1
RTD2

Figure 8. Socket (J8) Connecting Transmitting and Receiving Pins of TDC1000

TARGET_3V3 SH-JP2

R28 LED1
A,
- 470R o

JP3
R29 LED2
470R b

o]

SH-JP3

Figure 9. Jumpers JP2 and JP3 Connect Onboard LED

4. A slot of test pins for START and STOP pulses, VCOM, and the internal input of the comparator in the

TDC1000.

7

STOP 1 [ g

START 2 | o

COMPIN R53 10.0ki e

VCOM _R54,,,10.0k 5 | o

5 e

GND

AGND
Figure 10. Test Pins of TDC1000
5. Pins 12 and 14 of this header are connected to the UART pin of the MCU. Use the latest MSP430 FET

Tool with the UART feature to connect the board to the PC GUI. When using external power, the V¢
of the MCU has to be connected to pin 4 of the JTAG; the user can select either the TARGET_3V3 or

VBAT.
TARGET 3V3 VBat
JP6
JTAG1
1 UARTO_RXD 4 1sl—
UARTO_TXD 12 11 JTAG RST/NMI
JP7 sac Test 4% 3 AG TOK l
2 P e 5 AG_TMS
®- 1 4 3 AG TDI
FET_PWF% 2 1 AG_TDO/SBWTDIO GTD
MHDR2X7
Figure 11. JTAG Interface for MSP430 FET Tool to Program MCU
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6. This interface is compatible with the eZ-FET tool of the MSP430. Use the UART feature of the eZ-FET
to connect the board to the PC GUI.

JP1

SH-JP1
-« UARTO RXD 1
FET_PWI JTAG TEST

JTAG RST/NMI 4

§866864

UARTO_TXD 6

GND

Figure 12. Spy-Bi-Wire and UART Interface

7. When using the eZ-FET tool and needing the power supplied from it, short this jumper and pins 1 and
2 of jumper J4 located in Part 11.

Vs
VBat FET_PVR

JP1

SH-JP1
ik @
FET_PW| SH-JP6

Figure 13. Jumper JP1

TARGET_3V3

MCU_RST
el

GiiD
Figure 14. MCU Reset Button

9. Use these buttons to add on new features. There is no implementation for these buttons in the
firmware. To operate this circuit: when a push button is pressed, it pulls the voltage of the "BUT_AN" to
low to trigger an interrupt routine, which then switches on the ADC to measure the input voltage to
determine which button is pressed.

TARGET_3V3

R17
100K

BUT AIN

(1—0

9
0.1uF

@
z
o

@
z
o

Figure 15. Three Push Buttons (Reserved for Future Use)
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10. When battery is used, pins 2 and 3 of J4 are shorted with jumper and JP1 is opened.

The jumper JP5 (see Figure 17) near the connector is to short the capacitor C17 to provide an always
pull-up resistor to pin VSEL2 of the TPS62740, which will then output 2.0 V to start the MCU. Use it as
an easy circuit setting of voltage selection during development of new firmware. To use this jumper,

the MCU pin connecting to it has to be set as input mode. Once developed, remove the jumper to save
current consumption.

VS

VBat VBat V_PA VBat FET_PWR
AN ™| N|
3 |
1 JP4 J4
2 o
Battery IE
SH-JP5 SH-JP6
AGND

Figure 16. Battery Connector Using 3.6-V Lithium Battery

11. When connected to a battery, a low-power circuit consisting of C17 and R15 is used to provide a pulse
to VSEL4, a selection pin of the TPS62740, to select an initial voltage of 2.6 V, which is high enough to
start the MCU.

In the initialization of the firmware, it has to select the proper operation voltage by using the selection
pins.

If all pins are pulled to low, the output voltage of 1.8 V may not be high enough to start the MCU. In
this situation, short the input and output of the U3 (TPS62740) to supply 3.x V to the MCU and re-
program it with proper firmware.

There is a header (J6) connecting to each pin of U3.
JP5
SH-JP4

R15 C“”
MYV

VS A 1T V25
oM 0.1uF X
u3 L2 2.2uH
l VN sw -2 AN
12 5
c18 EN vout P
10 > L 10uF
VSEL1 VSEL1 B
vseL2 & 9] vser2 G b PG _TEST PIN =—C19
VSEL3 VSEL3
— VSEL4 8 of VSEL4 . V2,51
NI CTRLIA——
GND 3 oo < LOAD_ENABLE |
13 1 pap LoAD & oo

TPS62740DSS

GND

Figure 17. Buck Converter Using TPS62740 to Provide V. to the System
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12. The firmware does not implement this part, as this is reserved for future use.

A dedicated power supply for Part 14. When the communication module connecting to Part 14 is
turned on, a large current will be given out by the super capacitor and the voltage will be stepped up to
3.3 V. The design will isolate the communication power from the system power. The design will not
have current flowing from the system power to the module during its active state.

V_SUP_CAP
V_PA
u2 N
L1
YN 1 vout 2
LPS3314-332MLB
SN
PA_POWER_EN Y)———————2o{ ENBYP ::(2:21:F
—Lci6 6
GND
10uF VSEL <2
7 PAD
TPS61291DRV
PAGND ig \/
PAGND PAGND

Figure 18. Boost Converter With Super Capacitor (in Part 13)

13. The firmware does not implement this part, as this is reserved for future use.

Operation is as follows: A super capacitor, which is charged up from the battery through an npn switch
and resistor (located in the middle of Part 14) to 2.5 V. This is done when the communication module
connecting to Part 14 is in standby mode. When the module is in active mode, the npn switch will be
turned off to isolate the battery power.

There are two charging circuits. When the super cap is empty or with very little charges,
"SLOW_CHARGE" is high and the circuit will charge up the super capacitor with current

= (V2.5 -V_SUP_CAP) / 2.4k, which will limit the current to below 1 mA. This limitation is necessary,
as the lithium battery has a limited current output.

When the super cap is 0.1 V lower than V2.5, a resistor of 100 Q is used instead of 2.4 K; the circuit is
named "FAST_CHARGE". Every time a communication module is activated, it only consumes some
charges in the super capacitor to lower its voltage within 0.1 V. Therefore, "FAST_CHARGE" will be
used to re-charge the super-cap for the next communication use.

V2.5 V_SUP_CAP V25 V_SUP_CAP

A A

BT3906 gQ\ABTSQOG R30 V_SUP_CAP
3 A

24K 100

A
3
5
>
o=z
1 pRE
2
3
&
N
1
e
o

R31
A +

o 10.0M 15
100M - [ nag 3000000F

R32
3360k 360k

R39 Q2 4 R33
:11—1—"M—<<SLO\N70HARGE MMBT3904 J——W—<10DM  FAST_CHARGE

10.0M

« R34
1Rat
Z10.0M 10.0M

@
Z
o

Q4
MMBT3904
o

GND GND

Figure 19. Resistive Charging Circuit for Super Capacitor
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14. The socket has connection of SPI, UART and GPIO to the MCU. The user can also plug in an
extension board to enhance the system features.

The "V_PA" is the power supply for the power amplifier of the RF module. For testing, jumper JP4
(see Figure 16) is provided to direct connection to the DC or battery power supply.

V_PA V_SUP_CAP
n
c1
0.1uF c2
|—.. 0.1uF
1
I
RF2
RF_SPIT_CoN R 23 12
RF_GPIO_82 R x -
RF_SPI1_MISO/RF_UART TXD_R 2 R4 OR_RF GPIO 17 > 3 =
RF_SPIT_MOSIRF_UART RXD R . Re :I:IOR RF_GPIO 13 s 1o PAGND
12 = = —_n 12—
R7 OR _RF _SPI_CSN
14 ALl J— — 13 14—
16 RE _—0R RF SPI SCIK RE RESET _R9 —0R 5 18
B R10 —=0R_RF_SPI MOSI RF_GPIO 81 R1T——0R P R12 —OR RF SPI1_SCLK
s R13 —=0R_RF_SPI MISO RF_GPIO_10_R14 —=0R B & —
- -
MHDR2X10 MHDR2X10

Figure 20. Socket for Connection of Communication Module (Wired or Wireless Type)
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Circuit Design
15. The core circuit of measurement on this Tl design consists of the TDC1000, TDC7200 and an 8-MHz
oscillator. Some important notes as follows have to be followed when implementing this circuit

The ferrite in FB1 and FB2 with capacitors of 0.1 yuF and 0.01 pF, respectively, are used to provide a
low-noise DC power to the TDC1000. When implementing the low-power design, AVDD and VIO to the
TDC1000 are connected together. From the datasheet, AVDD must be set to be equal to or higher

than VIO; otherwise, a large current of a couple of mA will be drained. When in standby mode, both the
TDC1000 and TDC7200 will be disabled by pulling low the enable pin

AVDD C27 C28 C29

A 10uF | 0.01uF] 0.14F

AGND AGNDFB1AGND
VDD_TDC1000 —}

25 ypp
24 vpp
2 vio

60 ohm

V3p3 —ECSO I(331
A

0.01uF | 0.1pF

GND Nt
vio FB2

60 ohm

Figure 21. Low-Pass Filters for Power Supplies of TDC1000

The stability of VCOM is important for accurate measurement. 10 nF in C24 is used; by experiment, it

is the most optimal value. The R52 is used as a reference resistor for measurement' of temperature
sensor PT500 / PT1000. The accuracy of this 1-KQ resistor is 0.01%

Resistors R40 and R57 are used to provide damping of ultrasonic transducers. With these resistors
the difference of differential time of flight among STOP1 to STOPS is reduced.
The following circuit from "PGAQOUT" to "COMPIN" is to provide a band pass filter with center

frequency of 1 MHz to reduce noise of the received signal. As a result, the standard deviation of
measurement data is reduced.

VCOM
C24

0.01pF

R48 AGND
10.0Meg START
NA

R55 SR40
0 510
R50
10.0Meg

)
2
o
°

R56
N\ 0
AGND

AGND

START
STOP.
COMPIN

R57]
R52 RTD2 510]
1.00k  RTD1

3
13
14

AGND

7

RTD1 {2

RTD2 2
RREF 10
vcom
START
sToP

AGND

COMPIN

PGAOUT &
PGAIN

LNAOUT

us
DC1000PW

Figure 22. Critical External Passive Circuits of TDC1000

TIDU965A—May 2015—-Revised July 2015 Ultrasonic Water Flow Measurement Using Time to Digital Conversion
Submit Documentation Feedback

15
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU965A

13 TEXAS
INSTRUMENTS

Circuit Design www.ti.com

The R43 and R45 of 200 Q have to be matched with each other within a 1% error; so for the capacitors
C32 and C33. As the measurement on the differential time of flight is in unit of picosecond, to reduce
offset value, the length of signal lines on transmitting end and receiving end have to be matched. For
the same reason, the START and STOP signal lines need to be matched as well.

Matched TX1 and TX2 Matched RX1 and RX2 START and STOP signal lines
signal lines signal lines are matched

Figure 23. PCB Layout of Matched Signal Lines
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(o )

v

Initialization

v

Handle GUI command

v

Power on TDC1000,
TDC7200 and initialization

v

TDC measurement on
differential time of flight

v

Power off TDC1000 and
TDC7200

v

Send data to PC GUI via
UART

v

MCU enter low power
mode

1 second slept?

5 Software Description

Figure 24. Software Flowchart

The software is designed to optimize the power consumption of the system. It starts with initializing the
MCU peripherals and 1/O ports. The flowchart shown in Figure 24 consists of the PC GUI operation. In the
infinite loop of measurement, it checks the command from the GUI and then triggers the measurement. As
the TDC1000 and TDDC7200 are powered off in standby mode, when they are powered on, the register
setting has to be reloaded. The whole process of power on, measurement, and power off need a period of
around 35 ms in which a large portion is the delay for stabilization of the system. After that, readings from
the TDC7200 are sent to the GUI through UART. The MCU will enter into a low-power mode and wait for
1 second in default before the next cycle of measurement.

In the software, two modes can be selected. One mode is working with the GUI and another is without the
GUI. The mode can be selected with "define GUI" in "global.h". Remark it to select non-GUI operation,
which will use the minimum power consumption. For both GUI and NON-GUI operation, the LCD will
display the differential time of flight.
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6 PC GUI Operation

In the GUI, only five pages or TABs are used: SETUP, TDC1000, TDC7200, TOF_ONE_SHOT, and
GRAPH. Raw data from the TDC7200 will be sent to the GUI and processed. There is no calculated result
in the firmware.

In the SETUP tab, select the com port connecting to the board and click "CONNECT" to link the board and
the PC GUL.

The triggering frequency is defaulted to 1 second in the firmware. The user can select the triggering
frequency on this page. However, do not select 100 ms because there may not be enough time to synch
the data stream/GUI command to the firmware and the GUIL.

Clk Phase Low, Polarity Low

liczal

Rt S EEEEETGIT

Figure 25. SETUP Settings
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After SETUP, open the TAB of the TDC1000. In this page, click "READ ALL" to read the setting of the
TDC1000. For the first time to power on the TDC1000, the default setting will be read.

The user can change the individual register setting according to the TDC1000 datasheet and save the
whole configuration to the hard disk with "SAVE CONFIG". Load the configuration back to the TDC1000
with "LOAD CONFIG".

The "CONTINUOUS TRIGGER" command enables the signal output. The user can then see the real time
effect of the setting by oscilloscope.

I CICNT D O

12d8 B
Disabled

oocones
s cons

Read All No Errors

Figure 26. TDC1000 Settings

TIDU965A—May 2015—Revised July 2015 Ultrasonic Water Flow Measurement Using Time to Digital Conversion 19

Submit Documentation Feedback
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU965A

13 TEXAS
INSTRUMENTS

PC GUI Operation www.ti.com

In the TAB of the TDC7200, the user can configure the register setting of the TDC7200. At the first time of
power up and "READ ALL" is clicked, the default setting of TDC7200 is read.

The user can configure individual register settings according to the TDC7200 datasheet. "SAVE CONFIG"
to save the setting into hard disk. "LOAD CONFIG" to load the setting from hard disk into the registers.

No Effect i Interrupt Detected Interrupt Enabled

Measurement Mode 2 Interrupt Enabled

Overflow Not Detected

Rising Edge Interrupt Enabled

Rising Edge Overflow Not Detected [ » |

Rising Edge
Measurement Started

Disabled

Measurement Complete

| L0AD CONFIG | SAVECONFIG

Read All No Errors

Figure 27. TDC7200 Settings
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In the TAB of "TOF_ONE_SHOT", when the button "TOF_ONE_SHOT" is pressed, one set of
measurement reading the TDC7200 will be fetched.

The calculated results in the GUI will be displayed on the "DEBUG OUT".

TOF_ONE_SHOT

Figure 28. TOF_ONE_SHOT Settings
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In the TAB of "GRAPH", it receives the streaming data from the Tl design. After calculation, the result is
displayed onto the monitor in black.

The GUI has the function of saving the graph data and records the register readings into a file. To enable
this function, the corresponding check box is selected. When the "FLOW MODE" is checked, the
differential time of flight will be displayed.

When the "FLOW MODE" is unchecked, the time of flight from the START pulse to the STOP pulse is
displayed.

"TDC_SELECT" to select different STOP pulse, from STOP 1 to STOP 5 in "START GRAPH" is clicked to
start the data logging. "STOP GRAPH" is to stop the data logging.

If the reading is out of scale, move the mouse cursor to the black monitor and right click. Select
"Auto Scale Y" to auto scale the curve into the right position.

SETUP | TDC1000 | TDC7200 | TOF_ONESHOT GRAPH | FLOW | SETTINGS | TEMPERATURE | DEBUG

TDC AVG VALUE (ns)
0.091284

TDC STDEV (ns)
0.099710

AVG/STDEV NUM_ELEMENTS (>0}
10

TDC_SELECT
START-STOP1

Z
o
o
o
£
&

START GRAPH Stop Graph

SAVE GRAPH DATATO FILE FLOW MODE
- |

V-SCALE CENTER X-SCALE RANGE
40 40

TEMP AVG VALUE (degC) SAVE RESULT REGR TO FILE GRAPH MULTI STOPS
MEASURE RTD1

0.00 NO RTDL E

Reading Graph Data Successful

Figure 29. GRAPH Settings
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7 Test Data

7.1 Test Setup to Measure Accuracy

N iTEXAS en (]
*z‘"\j INSTRUMENTS \* ~

> 5 @ ) &

Figure 30. System Setup to Measure Accuracy of Differential Time of Flight

The setup includes an ultrasonic pipe filled with water connected to the board, as shown in Figure 30. The
pipe is sealed at both ends without the flow of water to measure the accuracy of the differential time of
flight of the system. The procedure is as follows:

1. Remove all jumpers.

Connect pin 2 and 3 of J4.

Connect ultrasonic transducers in a pipe filled with water to J8.
Connect UART in JTAG interface, or using UART connection in J1
Plug in the 3.6-V DC supply to J3.

Switch on the DC power supply.

Program it using Code Composer Studio™ (CCS) 6.1, with the firmware which defines PC GUI by
using "#define OPERATION_MODE 2" in "global.h". After that, exit CCS.

Press the MCU reset button to ensure a restart of the firmware.

9. Open the PC GUI.

10. Select the proper COM port in SETUP page of the GUI and click "CONNECT".
11. Select "1 second" as triggering frequency.

12. In TDC1000 TAB, click "READ ALL" to load the default setting from the firmware.
13. In TDC7200 TAB, click "READ ALL" to load the default setting from the firmware.
14. In the "GRAPH" TAB, check "FLOW MODE" to measure the differential time of flight.
15. Check the box of "SAVE RESULT REGR TOFILE".

16. Click "START GRAPH".

17. A window is displayed. Enter the file name of the file and click "OK".

18. Wait for five minutes and click "Stop Graph".

19. Process the data of the file using Microsoft® Excel®.

No ok owd

©
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7.2 Test Setup to Measure Current Consumption

Figure 31. System Setup to Measure of Current Consumption

This setup uses an eZ-FET tool with EnergyTrace™ module to monitor the energy consumption of the Tl
design. This tool uses a Spy-Bi-Wire connection. The UART has to be disconnected to avoid current
leakage. This setup includes an ultrasonic pipe filled with water connected to the board. The setup
procedure is as follows:

Remove all jumpers, DC power, and JTAG connection.

Short the jumper JP1 and short pin 1 and 2 of J4.

Connect the Spy-Bi-Wire from the eZ-FET to J1 on the board, without connecting the UART pins.
Connect eZ-FET to PC.

Program the it using CCS 6.1, with the firmware without PC GUI and LCD, by using
"#define OPERATION_MODE 1" in "global.h".

Compile and enter debug mode of CCS.

In the "EnergyTrace" setting panel in CCS 6, set 10 second as the measurement duration.
Select "Run" in menu bar and click "Free Run".

Click the "Energy" tab in "EnergyTrace" panel.

. The user can see a large surge of energy in the beginning of initialization of the firmware.

. Press "ALT + F8" to suspend the program.

. Select "Run" in menu bar and click "Free Run" again.

. The energy consumption in steady state is shown on the "EnergyTrace" monitor.

. Click the "EnergyTrace Technology" tab to read the energy consumption and supply voltage. With this

data, the average current consumption can be calculated.
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Test Results

The test results for accuracy are shown in Figure 32 and Figure 33. Figure 32 shows the plot of the
differential time of flight for each STOP pulse over five minutes time, with one measure per second.
Figure 33 shows the average of these five curves. Table 1 shows the mean value and the standard

deviation of the results.

From Table 1, the mean value is supposed to be zero for a zero flow rate. However, it comes out as a
significant figure. This difference is due to the imbalance of transducers and unmatched value of the front
end components. As it represents a zero flow, the mean value can be treated as an offset in the

calculation of the flow rate.

The standard deviation for each STOP is ranged from 134 to 241 ps, while that of the averaged data is
only 126 ps. Implement a higher accuracy system by taking a couple of measures per second and perform
averaging technique to reduce error (standard deviation).

Table 1. Mean and Standard Deviation of the Test Results

DIFFERENTIAL TOF MEAN VALUE STANDARD DEVIATION
STOP1 —2.934 ns 241 ps
STOP2 —2.928 ns 205 ps
STOP3 —2.521ns 153 ps
STOP4 —2.200 ns 134 ps
STOP5 —-1.806 ns 157 ps
Averaged curve -2.478 ns 126 ps
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Figure 32. Test Results of Five STOPs
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Figure 33. Test Results of the Average of Five STOPs
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Figure 34 shows the pattern of energy consumption. A low power mode with a system voltage of 2.5 V is
the normal state. When a one-second time interval is reached, the MCU sets the system voltage to 3.3 V
and wakes up the system for measurement. During the active period of 2.2 ms, a comparatively large
current is consumed, which reflects in a step increment in the energy consumption in the graph. After
measurement, the MCU switches off the system to low power mode and set the voltage to 2.5 V from

3.3 V. During this state, the charges in the output capacitor of the TPS62740 provide the current intake of
the system, which almost does not need any extra charges from the supply and so the curve is flat.

The calculation of average current is as follows:

The total energy consumed in 10 seconds = 375 pJ
The voltage supply from the eZ-FET is 3.58 V
Therefore the average current consumption = 375/10/ 3.58 = 10.5 pA

@ EnergyTrace™ Technology [ Power [l Energy 51 L= e = ]

Figure 34. Energy Consumption of Tl Design
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9 Design Files

9.1 Schematics

To download the schematics, see the design files at TIDM-ULTRASONIC-FLOW-TDC.
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Figure 35. TDC1000 Schematic
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Figure 36. TDC7200 Schematic
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Figure 37. Power Circuit Schematic
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Figure 38. MCU Circuit Schematic
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9.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDM-ULTRASONIC-FLOW-TDC.
Table 2. BOM
DESIGNATOR VALUE QTY | DESCRIPTION | FOOTPRINT | MANUFACTURER LIBREF
C1,C2,C3,C4,C5 1 1uF, 0.1uF, 22pF,
C6, C7, C8, C9,
22pF, DNP, DNP,
Cl11, C12, C13, R1,
0.1uF, 0.1uF, 0.1UF,
R2, R3, R4, R5, R6,
R7 R8 R9 R10 0.1uF, 0.1uF, 2.2nF,
R11, R12, R13. OR, OR, OR, OR, OR, 39 Cap_acnors and 402 Cap, Res2
OR, OR, OR, OR, OR, Resistors
R14, R16, R17,
OR, OR, OR, OR, 10R,
R18, R21, R22,
100K, 12K, DNP, DNP,
R23, R24, R25,
R26 R27 R28 DNP, DNP, DNP, DNP,
R29. R67 47K, 470R, 470R, 12K
C10 4u7 1 Capacitor 805 Cap
CAP, CERM, 22
cl4 22uF 1 |WF, 6.3V, +- 0805_HV MuRata GRMﬁEEQGLOJZZG
20%, X5R, 0805
CAP, Electric
Double Layer,
c15 3000000uF 13000000 pF, 2.7 | ESHSR_800x2 NESSCAP ESHSR 0003C0-
V, +20/-10%,
0.061 ohm, TH
CAP, CERM, 10
C16 10uF 1 |pF 10V, +- 0805_HV MuRata GR'\’g(lé’ﬁ%Alo
10%, X5R, 0805
CAP, CERM,
0.1 YF, 6.3V, C1005X5R0J104
c17 0.1uF 1|5/ 10%, X5R, 402 TDK K
0402
CAP, CERM, 10
C18, C19, C20, C27 | 10uF 4 |uF, 10V, +- 0805_HV MuRata GRMZBRIIALD
10%, X7R, 0805
CAP, CERM,
C34, C36 0.01uF 2 | 0.01UF, 25V, +/- 603 MuRata GRM 8SRTEL0
10%, X7R, 0603
CAP, CERM,
51pF, 100V, +/- GRM1885C2A51
C23,C25 51pF 2 | 50r. COGINPO. 603 MuRata 03A01P
0603
CAP, CERM,
0.01UF, 25V, +/- C1608C0G1E103
c24 0.01uF 1| 506, COGINPO. 603 TDK ]
0603
CAP, CERM,
1000 pF, 50 V, C1608C0G1H102
Cc26 1000pF 1|3 50, 603 TDK 3
COG/NPO, 0603
CAP, CERM,
€28, C30 0.01uF 2 | 0.01UF, 10V, +/- 402 MuRata GR“gf’/fg‘l%Alo
10%, X5R, 0402
CAP, CERM,
C29, C31, C35, C37 | 0.1uF 4 | 0.1uF, 10V, +/- 402 TDK C1°O5XER1A104
10%, X5R, 0402
CAP, CERM,
300pF, 50V, +/- GRM1885C1H30
C32,C33 300pF 2 | 506, COGINPO, 805 MuRata 135010
0603
CAP, CERM
: : GRM188R71E10
c38 1uF 1 | 1uF, 25V, +/- 603 MuRata EKAL2D

10%, X7R, 0603
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Table 2. BOM (continued)
DESIGNATOR VALUE QTY | DESCRIPTION FOOTPRINT | MANUFACTURER LIBREF
0.8A Ferrite
FB1, FB2, FB3, Bead, 60 ohm .
FB4. FB5 60 ohm 4 @ 100MHz, 603 Taiyo Yuden BK1608HS600-T
SMD
Standoff, Hex,
H5, H6, H7, H8 4 | 05" #4-40 Keysm’&e—lgoz Keystone 1902C
Nylon
Receptacle, Mill-Max_851-
i 1 | 50mil, 6x1, XX-006-10- Mill-Max 851-43-000-10-
Gold, TH 001000
Header (friction
J3 1 |lock), 100mi, | MOLEX22:27: Molex 22-27-2021
2x1, Tin, TH
Header, 100mil, TSW-103-07-
J4 1 3x1, Gold, TH G-S Samtec TSW-103-07-G-S
Receptacle, 50 Mill-Max_851-
5 1 |mil, 8x1, Gold, 43-00820- Mill-Max Bo103-008-20-
R/A, TH 001000
J6 1 gg;ﬁptfg)'(el* CONN_851-43- Mill-Max 851-43-010-20-
Gold, RIA, TH 010-20-001000 001000
.| Mill-Max_800-
77 1| peader. 100mil. | "10.006-10- Mill-Max 800-40-000-10-
! 001000
Receptacle, 7x2
4 '| SSW-107-02- SSW-107-02-G-
J8 1 2.54mm, R/A, G-D-RA Samtec D-RA
TH
Connector,
3 1 ?ggg‘i’ltasc)'(ez’ CONN_PPPCO | Sullins Connector | PPPCO52LJBN-
J ' 52LJBN-RC Solutions RC
Gold plated,
R/A, TH
Header, TH,
100mil, 2x1
JP1, JP2, JP3, JP4, i ! TSW-102-07-
JP5. JP6. JP7 5 | Gold plated, 230 G-s Samtec TSW-102-07-G-S
mil above
insulator
ITAGL 1 Header, 7-Pin, 2X7BOXHEAD MHDR2X7
Dual row ER
Inductor,
Shielded Drum
L1 3.3uH 1 | Core, Ferrite, LPS3314 Coilcraft le?ssz?’ﬁ&é
3.3uH, 1.3A,
0.14 ohm, SMD
Inductor,
Shielded,
L2 2.2uH 1 Ferrite, 2.2uH, IND—VL5F25201 TDK VLFZE;?&SMT'
0.97A, 0.056
ohm, SMD
LCD1 1 FH-1152P FH-1152P
Typical RED,
GREEN,
LED1, LED2 2 YELLOW, LE%—]_LQBST_ LED2
AMBER GaAs
LED
YCURST, 81, 82, 4 | switch B3U-1000P SW-PB
Transistor, PNP, Fairchild MMBT3906,
Q1, Q3 0.25V 2 40V, 0.2A, SOT- SOT-23 Semiconductor Fairchild
23 Semiconductor
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Table 2. BOM (continued)
DESIGNATOR VALUE QTY | DESCRIPTION FOOTPRINT | MANUFACTURER LIBREF
Transistor, NPN, Fairchild MMBT3904,
Q2, Q4, Q5, Q6 0.2V 4 |40V, 0.2A, SOT- SOT-23 Semiconductor Fairchild
23 Semiconductor
RES, 10 M, 5%, . CRCW040210M0
R15, R59 10Meg 1 0.063 W, 0402 402 Vishay-Dale INED
R19, R20 2 Resistor 402 Res2
RES, 100, 5%, ) CRCWO0603100R
R30 100 1 0.1 W, 0603 603 Vishay-Dale INEA
R31, R33, R34,
R37, R39, RA1, 10.0Meg g | RS oM 603 vishay-Dale | CREVODOSTOMO
R48, R50 o
RES, 100K, 5%, ) CRCWO0603100K
R42, R46,R49, R51 | 100k 4 0.1W 603 Vishay-Dale INEA
RES, 360 k, 5%, ) CRCWO0603360K
R32, R38 360k 2 0.1 W, 0603 603 Vishay-Dale INEA
RES, 2.4 k, 5%, ) CRCWO06032K40
R35 2.4k 1 0.1 W, 0603 603 Vishay-Dale INEA
RES, 10 Kk, 5%, . CRCWO040210K0
R36 10k 1 0.063 W, 0402 402 Vishay-Dale INED
RES, 510, 0.1%, RG1608P-511-B-
R40, R57 510 2 0.1 W, 0603 603 Susumu Co Ltd T5
RES, 200 ohm,
R43, R45 200 2 |0.1%, 0.1, 603 Susumu Co Ltd | RG1608P-201-B-
T5
0603
RES, 5.36k
R44 5.36k 1 ohm, 1%, 0.1W, 603 Vishay-Dale CRCW06035K36
FKEA
0603
RES, 1.00k
R52 1.00K 1 | ohm, 0.01%, 603 DigiKey PN RN}SOF(?(???’JSH
0.1W, 0603
RES, 1.00k
R47 1.00k 1 ohm, 1%, 0.1W, 603 Vishay-Dale CRCW06031K00
FKEA
0603
RES, 10.0k
R53, R54 10.0k 2 ohm, 1%, 0.1W, 603 Yageo America RCOGO3FR-
0710KL
0603
R55, R56, R62, RES, 0 ohm, ) CRCWO06030000
R60. R63 0, 0, 0, DNP, DNP 5 5%, 0.1W, 0603 603 Vishay-Dale Z0EA
RES, 33 ohm,
R58, R61, R64, R66 | 33 4 | 5%, 0.063W, 402 Vishay-Dale | CREWO040233R0
JNED
0402
Header, 10-Pin, TFM-110-02-
RF1, RF2 2 Dual row SM-D-A-K MHDR2X10
SH-JP1, SH-JP2, Shunt, 100mil,
SH-JP3, SH-JP4, 1x2 6 Gold plated, SNT-100-BK-G 3M 969102-0000-DA
SH-JP5, SH-JP6 Black
U1l 1 MCU MSP430FR698 MSP430FR698X
9 Pz
LOW Iq BOOST
CONVERTER
u2 1 WITH BYPASS DRVOO006A Texas Instruments TPS61291DRV
OPERATION,
DRVO0O006A
360nA 1Q Step
Down Converter
U3 1 for Low Power DSS0012A Texas Instruments | TPS62740DSS

Applications,
DSS0012A
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Table 2. BOM (continued)

DESIGNATOR

VALUE

QTY

DESCRIPTION

FOOTPRINT

MANUFACTURER

LIBREF

us

TDC1000
Precision AFE
for Time of
Flight, PW0028A

PWO0028A_N

Texas Instruments

TDC1000PW

ué

ESD Array For
Portable Space-
Saving
Applications, 8
Channels, -40 to
+85 degC, 8-pin
WSON (DQD),
Green (RoHS &
no Sh/Br)

DQDO00SA

Texas Instruments

TPD8EOO3DQDR

u7

STOPWATCH
IC FOR TIME
MEASUREMEN
T BETWEEN
TWO EVENTS,
PWO0OO014A

PWO014A N

Texas Instruments

TDC7200PW

X2

Crystal, 32.768,
12.5pF, SMD

Cylindrical

CMR200T-
32.768KDZFT

Y1

OSC, 8 MHz,
1.8 - 3.3V, SMD

3.2x25x
1.05mm

Epson PG-310
8MHz

RS Alt: 667-6353

H1, H2, H3, H4

Machine Screw,
Round, #4-40 x
1/4, Nylon,

Philips panhead

NY PMS 440
0025 PH

B&F Fastener
Supply

NY PMS 440
0025 PH
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9.3 PCB Layout
To download the layer plots, see the design files at TIDM-ULTRASONIC-FLOW-TDC.
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Figure 40. Top Layer

Figure 39. Top Overlay
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Figure 41. Internal Plane 1 Figure 42. Internal Plane 2
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9.4 Altium Project Files
To download the Altium project files, see the design files at TIDM-ULTRASONIC-FLOW-TDC.

9.5 Gerber Files
To download the Gerber files, see the design files at TIDM-ULTRASONIC-FLOW-TDC.

9.6 Software Files
To download the software files, see the design files at TIDM-ULTRASONIC-FLOW-TDC.

9.7 RF Modules
For more information on RF modules, contact Milen Stefanov at m-stefanov@ti.com.
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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
Copyright © 2015, Texas Instruments Incorporated
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