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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

1 Key System Specifications
Table 1. Key Specifications
PARAMETER SPECIFICATION
Sensor type Stretched rectangular PCB inductor coils, 15 mm x 100 mm, 28 turns
per layer
Target materials Aluminum (14 mm x 25 mm)
Measurement geometry Linear
Full range 100 mm
Usable range 70 mm (70% of full range)
Measurement type Absolute (no need for recalibration or reset after power loss)
Sensor operating frequency <1 MHz
Atd; =1 mm: -0.401 mm
Maximum measured error Atd; =2 mm: -0.325 mm
Atd; =3 mm: -1.077 mm
System calibration Best-fit 4th order polynomial using regression analysis
Power supply Can be powered from either USB power or LaunchPad
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System Description

In all automated factory floor applications, sensors are necessary to provide the programmable logic
controller (PLC) with information. The sensors supply the necessary signals for positions and limits, or
serve as pulse pick-ups for counting tasks or for monitoring rotational speed. Even the best controllers
cannot control the process without reliable sensors. When accurately measuring the distance less that is
less than a few inches is necessary and the application calls for metal sensing, then the inductive sensor
provides the required sensing solution. The inductive sensing technology solution seems to be a natural
choice due its contactless, magnet-free sensing, contamination-resistant, and maintenance free operation.
Additionally, inductive sensing technology is suitable for use in harsh environments because vibration,
dust, dirt, oil, and moisture do not hinder the performance. Inductive sensors detect all ferrous metals
without contact, which means no wear and tear.

The technology of inductive sensing has been around for decades. Additionally, the inductive sensor is
currently the best-selling sensing technology worldwide, indicating a well-proven solution over a period of
decades in long-term industrial use. Historically, this technique has required complex, analog-only
circuitry, making it a costly technique for applications outside of industrial controls or portable metal
detectors.

Typical implementations of distance measurements use expensive rare-earth magnets. To lower the
overall system cost, this reference design describes the implementation of the industry’s first inductance-
to-digital converters from TI for linear position sensing without the use of any expensive rare-earth
magnets. Linear position sensing determines the position of a target that moves laterally across an
inductive sensor that is generating a magnetic field. An inductance-to-digital converter (LDC), such as an
LDC1000 or LDC1101 device, senses the inductance changes of an inductor that comes into proximity
with a conductive target, such as a piece of metal. The LDC measures this inductance shift to provide
information about the position of a conductive target over a sensor coil. The inductance shift is caused by
eddy currents generated in the target due to the magnetic field of the sensor. These eddy currents
generate a secondary magnetic field that opposes the sensor field, causing a shift in the observed
inductance (see Section 4 for a more detailed explanation).

There are two approaches to implement a linear position sensing system with an inductance-to-digital

converter (LDC). Both approaches utilize a PCB coil as a sensor.

1. A circular coil can be used to detect the position of a triangular conductive target.

2. A stretched coil design that produces a non-homogeneous AC magnetic field can be used to determine
the position of a rectangular conductive target.

The intention of this reference design is to mainly focus on the second approach and provide a head-start
advantage to system designers for integrating TI's family of inductance-to-digital converters into new
applications that require high-resolution linear position sensing. The following lists the overall system-level
challenges for this design:

» Proper sensor coil design to achieve desired measurement resolution
e Proper conversion

» Calibration of inductance-to-digital converter output into usable data
» Testing
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2.1

2.2

Inductance-to-Digital Converter Selection

The LDC1101 is an inductance-to-digital converter that can simultaneously measure the impedance and
resonant frequency of an LC resonator. The high resolution measurement capability enables this device to
directly measure changes in physical systems, allowing the resonator to sense the proximity and
movement of conductive materials.

The LDC1101 device measures the impedance and resonant frequency by regulating the oscillation
amplitude in a closed-loop configuration at a constant level, while monitoring the energy dissipated by the
resonator. By monitoring the amount of power injected into the resonator, the LDC1101 device can
determine the parallel resistance of the resonator, Rp, which the LDC1101 returns as a digital value. In
addition, the LDC1101 device also measures the oscillation frequency of the LC circuit, which is then used
to determine the inductance of the LC circuit.

The LDC1101 inductance-to-digital converter is a high-resolution and low-cost device that enables
contactless, short-range sensing even in harsh environments. Using a printed circuit board (PCB) coil as a
sensor, the LDC1101 device provides a way for system designers to achieve high performance and
reliability at a lower system cost than other competing solutions. The LDC1101 was chosen because the
device has the ability to measure inductance at a 16- or 24-bit resolution. The device has a simple four-
wire serial peripheral interface (SPI). The power supply for the device can range from 1.8 V - 5% to

3.3V + 5%. Figure 1 shows a block diagram of the LDC1101.

VDD LDC1101 CLKIN
CLDO
High Res Registers
Sensor

Driver | [ RP+L l ngi
Meas SPI| sp|

I
Threshold SDO
GND Compare

]

Figure 1. LDC1101 Block Diagram

Microcontroller Selection

TI's MSP430™ family of ultra-low-power microcontrollers consists of several devices featuring different
sets of peripherals targeted for various applications. The architecture, combined with extensive low power
modes, is optimized to achieve extended battery life in portable measurement applications. The device
features a powerful 16-bit reduced instruction set computing (RISC) CPU, 16-bit registers, and constant
generators that contribute to maximum code efficiency. The digitally-controlled oscillator (DCO) allows
wake-up from low-power modes to active mode in 3.5 us (typical). The MSP430F5528 microcontroller was
chosen as the central processor for the subsystem based on memory, processor power, integrated USB
and PHY supporting USB2.0, and the peripheral module requirements necessary to support the LDC1101
device. This application requires a USB connection to communicate with the LabVIEW-based graphical
user interface (GUI) running on a laptop or PC. The MSP430F5528 device contains two USCI_A
communication modules, as well as two USCI_B communication modules. The two USCI modules are a
requirement to communicate with an LDC1101 device and LaunchPad by way of an SPI.
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2.3 Power Management

The LP5951 low-dropout (LDO) regulator devices were chosen as the power management devices for the
subsystem for several reasons. The first reason is that this particular subsystem is designed to work from
a nominal input voltage of 3.3 V or 5 V (from a LaunchPad or 5-V USB). The LP5951 device has a current
limit of 150 mA and an adjustable output voltage range from 1.3 V to 3.7 V at a low quiescent current of
29 pA (typical), which is significantly higher than the anticipated, maximum total operating load of the
subsystem. Only one LP5951 device is used in this subsystem, to regulate a 3.3-V output for the
MSP430F5528 and LDC1101 devices.

2.4 ESD Protection for Programming Interface

The TPD1E10BO06 single-channel, electro-static discharge (ESD) protection device was chosen to protect
the Spy-Bi-Wire (SBW) programming interface. The device offers an over +30-kV IEC air-gap, over +30-kV
contact ESD protection, and has an ESD clamp circuit with a back-to-back diode for bipolar or bidirectional
signal support. The 10-pF line capacitance is suitable for a wide range of applications supporting data
rates up to 400 millions of bits per second (Mbps). The 0402 package is an industry standard and
convenient for component placement in space-saving applications. The TPD1E10B06 device is
characterized for operation over an ambient air temperature of —40°C to 125°C. Figure 2 shows the
TPD1E10BO06 block diagram.

I0Line 1

10 Line 2

Connector
(Source of ESD) 11 r1 ESD Sensitive Device

3

12 12 GND Line

v

Figure 2. TPD1E10B06 Block Diagram
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2.5

ESD Protection for USB

The TPD2EO0O01 is a unidirectional ESD protection device with low capacitance. The device construction
consists of a central ESD clamp that features two hiding diodes per line to reduce the capacitive loading.
This central ESD clamp is also connected to V. to provide protection for the V. line. Each IO line is
rated to dissipate ESD strikes above the maximum level specified in the IEC 61000-4-2 level 4
international standards. The TPD2EO0O1 device'’s low-loading capacitance makes it ideal for protecting
high-speed signal terminals like a USB.

The TPD2EOOL1 is a passive integrated circuit that activates whenever voltages above Vg, or below the
lower diode’s Vrorwaro (—0.6 V) are present during a transient event. During ESD events, voltages as high
as +15 kV can be directed to ground and V. through the internal diode network. As soon as the voltages
on the protected lines fall below the trigger voltage of the TPD2EO001 (usually within tenths of
nanoseconds) the device reverts back to a high impedance state.

£1 MuF

VCC
11 1|1

R 101

\ 4 D+

UsB R y D1
Controller ' ‘

D—

102

t f r GND

1 GND

Figure 3. TPD2EO001 Block Diagram
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3 Block Diagram

The system consists of the LDC1101 inductance-to-digital converter, the MSP430 microcontroller and the
supporting electronics. The MCU acts as a bridge between the LDC1101’s SPI and the GUI's USB COM
port. The MCU also provides non-volatile storage for the LDC1101’s initial register values as well as the
calibration data. The GUI software receives the sensor data like L, Fsgnsor, @nd R measured by the
LDC1101 device and displays them graphically. The user can set the same data to be logged into a file for
further processing to determine the position of target. The algorithm that determines the position of the
target can also be easily ported into an MCU for stand-alone applications. A two-pin connector allows
connection to different coils. The system design is in a standard 40-pin BoosterPack plugin module that
fits on top of a LaunchPad evaluation kit. The following Figure 4 shows the TIDA-00460 block diagram.

Distance

LP5951
3.3V_LDO 33Vout |ePOIN
LDO
+3.3V_LP
="
3.3V
| +5V_LP VUSB
SPI *—o
SPI |« » MSP430F5528
Provides:
INA . USB interface
. 12-MHz clock to LDC1101
LDC1101 e SPIconnection to LDC1101 2 LII
. SPI connection to talk to
INB LaunchPad )
LC e MSP430 runs at 2.5 V for 24-MHz Micro USB
tank CLKIN |g—2MHZ operation
circuit
T UARTi GPIOI SPII
24-MHz
XTAL To and from LaunchPad

Figure 4. TIDA-00460 Block Diagram

3.1 Highlighted Products
The linear position sensing using inductive sensing reference design features the following devices:
LDC1101 — 1.8-V high resolution inductance-to-digital converter
MSP430F5528 — Ultra-low power MSP430 with 128KB flash
LP5951 — Micro-power, 150-mA low-dropout CMOS voltage regulator
TPD1E10BO06 — Single-channel ESD protection diode in 0402 package
TPD2EO001 — Low-capacitance two-channel ESD-protection for high-speed data interfaces

=

Host computer

For more information on each of these devices, see the respective product folders at www.Tl.com.
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3.1.1 LDC1101 Features
33V 33V
By
vbD LDC1101 C'—K|Nl CLKOUT VDD
CLDO —
Sensor High Res Registers mcu
D INA ] L Meas + Logic
Sensor =
g INB| Dy [ csBl — csB
Y vty J scLk ] Iscik| gy
SPI | spi %MOSI Peripheral
Threshold SDO MISO
— 1
Figure 5. LDC1101 Functional Diagram
* R resolution: 16-bit
* L resolution: 16/24-bit
» 150-kSPS conversion rate
e Wide operating voltage range: 1.8 Vto 3.3V
» Supply current:
— 5-uyA shutdown mode
— 150-pA sleep mode
— 2 mA (no sensor connected)
* Sub-micron resolution
e Adjustable sensing range (through coil design)
* Remote sensor placement — isolates the LDC from harsh environments
* Robust against environment interference such as dirt and dust
» Sensor frequency range: 500 kHz to 10 MHz
» Magnet-free Operation
For more details, please refer to the LDC1101 datasheet (SNOSDO01).
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3.1.2 MSP430F5528 Features

XIN XOUT RST/NMI DVCC DVSS VCORE AVCC AVSS PA PB PC PD

A
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XT20UT 4{—system| p smcik| ‘s || ehorang 2x810s || 2x8wos || 2x810s || 1x810s use
64KB 4KB+2KB Port Map Interrupt 1x3 1/0s USB-PHY
LDO Control & Wakeup
32KB ontrol USB-LDO
MGLK SVM/SVS (P4) B-PLL
Flash RAM Brownout PA PB PC PD USB-
asl 1x16 1/0s || 1x16 1/0s || 1x161/0s || 1x11 1/0s
CPUXV2 MAB DMA
and
Working MDB 3 Channel
gisters|

EEM
(L: 8+2

)

usclo,1 ADC12_A

JTAG/
SBW

Interface

TAO TA1 TA2 TBO I_Ax: 12 Bit
UlSJiET‘ 200 KSPS REF COMP_B
MPY32 Timer_A Timer_A Timer_A Timer_B RTC_A CRC16 IrDA, SPI
5CC 3ccC 3cC 7¢C 16 Channels 12 Channels
Registers Registers Registers Registers USCI_Bx: | [(14 ext/2 int)

SPI, 12C Autoscan

Figure 6. MSP430F5528 Functional Diagram

* Low supply-voltage range: 3.6 V down to 1.8 V
* Ultra-low power consumption

Active mode (AM):

» All system clocks active

e 290 yA/MHz at 8 MHz, 3.0 V, Flash program execution (typical)
e 150 yA/MHz at 8 MHz, 3.0 V, RAM program execution (typical)
Standby mode (LPM3):

» Real-time clock with crystal, watchdog, and supply supervisor operational, full RAM retention,
fast wake-up:

e 19pAat2.2V,2.1pAat3.0V (typical)

* Low-power oscillator (VLO), general-purpose counter, watchdog, and supply supervisor
operational, full RAM retention, fast wake-up: 1.4 pA at 3.0 V (typical)

Off mode (LPM4)
* Full RAM retention, supply supervisor operational, fast wake-up: 1.1 yA at 3.0 V (typical)
Shutdown mode (LPM4.5): 0.18 pA at 3.0 V (typical)

» Wake-up from standby mode in 3.5 ps (typical)

. 16-

bit RISC architecture, extended memory, up to 25-MHz system clock

» Flexible power management system:

Fully integrated LDO with programmable regulated core supply voltage
Supply voltage supervision, monitoring, and brownout

» Unified clock system

Frequency-locked loop (FLL) control loop for frequency stabilization
Low-power, low-frequency internal clock source (VLO)
Low-frequency trimmed internal reference source (REFO)

32-kHz watch crystals (XT1)

High-frequency crystals (XY1)

High-frequency crystals up to 32 MHz (XT2)
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16-bit timer TAO, Timer_A with five capture/compare registers
16-bit timer TAL, Timer_A with three capture/compare registers
16-bit timer TA2, Timer_A with three capture/compare registers
16-bit timer TBO, Timer_B with seven capture/compare shadow registers
Two universal serial communication interfaces
— USCI_AO0 and USCI_A1 each support:

» Enhanced UART supports auto-baud rate detection

» IrDA encoder and decoder

* Synchronous SPI
— USCI_BO0 and USCI_B1 each support:

. |2CTM

e Synchronous SPI
Full-speed USB
Integrated USB-PLL
Integrated 3.3- and 1.8-V USB power system
Integrated USB-PLL
Eight input, eight output endpoints

12-bit analog-to-digital converter (ADC), for MSP430F552x device family only) with internal reference,
sample-and-hold, and auto-scan feature

Comparator

Hardware multiplier supporting 32-bit operations

Serial on-board programming, no external programming voltage required
Three-channel internal direct memory access (DMA)

Basic Timer with real-time clock feature

For complete module descriptions, see the MSP430x5xx and MSP430x6xx Family User's Guide
(SLAU208).
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3.1.3

LP5951 Features

IN O
Bias LDO Core i
Generator [ | Refzrr]:nce O out
——1
Enable
EN © Controller
Over -
Current and

Thermal
Protection

I—

GND

Figure 7. LP5951 Block Diagram

Input voltage range: 1.8 Vto 5.5V

Output voltage range: 1.3 Vto 3.7 V

Excellent line transient response: +2 mV (typical)
Excellent power supply rejection ratio (PSRR): —60 dB at 1 kHz typical
Low quiescent current of 29 pA typical

Small SC70-5 and SOT-23-5 packages

Fast turn-on time of 30 ps (typical)

Typical < 1-nA quiescent current in shutdown
Ensured 150-mA output current

Logic controlled enable 0.4 V/0.9 V

Good load transient response of 50 mVpp (typical)
Thermal overload and short-circuit protection
—-40°C to 125°C junction temperature range
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3.14 TPD1E10BO0O6 Features
1 K- 2
Figure 8. TPD1E10B06 Block Diagram
» Provides system-level ESD protection for low-voltage IO interface
» |EC 61000-4-2 level 4
» +30-kV (air-gap discharge)
» +30-kV (Contact discharge)
» |EC 61000-4-5 (surge): 6 A (8/20 ps)
» 10 capacitance 12 pF (typical)
« RDYN 0.4 Q (typical)
* DC breakdown voltage +6 V (minimum)
* Ultra-low leakage current 100 nA (maximum)
* 10-V clamping voltage (maximum at I, = 1 A)
* Industrial temperature range: —40°C to 125°C
e Space-saving 0402 footprint (1.0 mm x 0.6 mm x 0.5 mm)
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3.15 TPD2EOO1 Features

-
|

Figure 9. TPD2EO001 Block Diagram

» |EC 61000-4-2 ESD protection (level 4)
— 18-kV contact discharge
— +15-kV air-gap discharge
e 10 capacitance: 1.5 pF (typical)
» Low leakage current: 1 nA (maximum)
» Low supply current: 1 nA
* 0.9-to 5.5-V supply-voltage range
» Space-saving DRL, DRY, and QFN package options
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4 System Design Theory

The basic principle of inductive linear position sensing is related to the phenomenon of eddy currents.
Walter Pepperl and Ludwig Fuchs first employed inductive sensing in 1958 in Mannheim, Germany. They
wanted to find a technology to replace mechanical contacts that would wear out in hostile environments or
were simply dangerous in explosive atmospheres due to arching. The basic principle of inductive sensing
remains the same as Pepper and Fuchs’ original design.

An AC current flowing through a coil generates an AC magnetic field. If a user brings conductive material
into the vicinity of the coil, such as a ferrous metal target, some of the energy from the oscillating magnetic
field transfers to the metal target (see Figure 10). This transferred energy induces tiny circulating electrical
currents known today as eddy currents on the surface of the target. The flowing eddy currents encounter
electrical resistance as they try to circulate, which creates a small amount of power loss in the form of
heat. These losses are known as eddy current losses. These eddy currents are a function of the distance,
size, composition, and orientation of the target to the magnetic field. The induced eddy currents in the
metal target then generate their own magnetic field (counter field or secondary field) that reacts with the
original field generated by the coil; this reaction changes the characteristics of the coil.

Metal
Target

Figure 10. Inductor With Metal Target

This mechanism is best compared to a transformer, where the coil is the primary core and the eddy
current is the secondary core. The inductive coupling between both cores depends on distance, shape,
and the conductor’s characteristics. Hence, the resistance and inductance of the secondary core (eddy
current), shows up as a distant, dependent resistive and inductive component on the primary side (coil).
The following figures show a simplified circuit model. In Figure 11, the inductance L is the coil’s
inductance and Rg is the coil's parasitic series resistance. The inductance L(d), which is a function of
distance d, is the coupled inductance of the metal target. Likewise, R(d) is the parasitic resistance of the

eddy currents.
Eddy
currents

Target metal Distance d
surface

Conductance
of metal —

Figure 11. Metal Target Modeled as L and R With Circulating Eddy Currents
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Generating an alternating magnetic field with just an inductor consumes a large amount of power. The
user can reduce this power consumption by adding a parallel capacitor, turning the circuit into a resonator.
By turning the circuit into a resonator, the power consumption is reduced to the eddy and inductor losses
Rs + R(d) only. However, the LDC1101 device does not measure the series resistance directly; instead it
measures the equivalent parallel resonance impedance R;. This representation is equivalent to the one
that Figure 12 shows, where the parallel resonance impedance R(d) is given by Equation 1:

Ro(d) = 1 Ls + L(d)
P Rg + R(d) C W
Lot H@ Lo+ L(d)
c —— C <) c’”— Rp(d)§ @
R+ R(d) Oscillator Oscillator

Figure 12. Series and Parallel LC Tank Circuits Connected With Oscillator

The LDC1101 device accomplishes this task by regulating the oscillation amplitude in a closed-loop
configuration to a constant level (see Figure 13), while monitoring the energy dissipated by the resonator.
By monitoring the amount of power injected into the resonator, the LDC1101 device can determine the
value of Rp.. When measuring R, with the LDC1101 device, the intention is to measure only the eddy
current losses on the target.

Metal  sense coil
target ------

Demodulato

Gain control
|———

Figure 13. Oscillation Amplitude Regulation

The LDC1101 device provides two independent measurement blocks to measure the impedance and
resonant frequency of an attached sensor. The R, + L block can simultaneously measure the impedance
and resonant frequency of an LC resonator with up to 16 bits of resolution. The high resolution L (LHR)
block only measures the sensor resonant frequency, with up to 24 bits of resolution. To determine the
position of the target above the sensor coil, a designer can use any of the two measurement modes of the
LDC1101 device. The SPI then transmits the results as a digital value to a connected MCU.

The digital value of R; is called “Proximity Data”. In situations where the distance between the coil and the
target changes, the value of the R, changes, too. Consequently, the LDC1101 determines the change of
distance in the dependence on the change of R,. To determine the inductance of the LC resonator, the
LDC1101 device measures the frequency of the sensor with a frequency counter, too. The SPI also
transmits this value to the MCU.

This reference design solely uses the resonant frequency information from the LDC1101 device by way of
using the inductance-only measurement mode, because the basis of inductive sensing consists of
measuring the variation of inductance, L, and resonance impedance, R, of the sensor coil. Both of these
parameters can be sensitive to temperature based on the coil design, material, and operating conditions.
Temperature-induced effects in R, are mainly due to temperature coefficients of the coil and target
materials. Temperature-induced effects in L are a result of the temperature coefficient expansion of the
coil structure. These effects are generally much smaller in magnitude; therefore, measurements based on
L are less sensitive to temperature variations.
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4.1 Sensor Target Configuration

To design an inductive sensing application, the first step is to convert the desired measurement into the
amount of exposed metal from a target in the electromagnetic field generated by the coil. Commonly used
methods include axial proximity and lateral proximity, as in the following Figure 14 shows. As the metal
target moves closer to the sensor coil, or the metal target shape covers more of the coil, a greater portion
of the electromagnetic field is intercepted. The eddy current increases as more electromagnetic field flux is
intercepted, thereby decreasing the effective inductance of the coil generating the field and increasing the
LC tank oscillation frequency. This series of events leads to a greater digital output value from the
LDC1101 device.

Axial Proximity Lateral Proximity

mT ' SEN
! 1
- ! !
Linear d | ' TIDA-00460
. -~ )
Motion Co d
! 1
c ) =
-

>

Angular
Motion

Figure 14. Commonly Used Sensor-Target Configurations
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4.2 Coil and Target Design

As an alternative to shaping the target to produce a varying output when moving a target over a coil, the
designer can instead shape the AC magnetic field that the coil produces. The basic idea is to generate a
non-homogeneous magnetic field of the coil along the sensing range. Depending on the position x along
the coil, the strength of the magnetic field is different. Also, to use a rectangular target for linear position
sensing, the coil must be shaped to produce a non-homogeneous AC magnetic field. This shaping can be
achieved by "stretching” a coil, such that it produces a stronger AC magnetic field on one side than on the
other.

Figure 15 shows an example of such a system, where a rectangular target kept at a constant air gap
sliding over such a sensor coil along x-axis produces an LDC output that can be used to determine the
target position. The advantage of choosing a stretched coil (rectangular PCB coil with decreasing turns
per section) with a rectangular target over a circular coil with a triangular target is that the target can be
much smaller and of a simpler shape. In many systems, where space for the moving target is restricted, a
stretched coil design may be a more feasible approach.

PCB Coil Metal Target

Travel Distance
(dx)

Figure 15. Lateral Movement of Rectangular Target at Position dy (Top View)

To verify these assumptions, use the FEMM 4.2 (Finite Element Method Magnetics 4.2) magnetic
simulation software. Defining the PCB coils in FEMM 4.2 is not a possibility; so, to obtain a basic idea of
the induced magnetic field, design a cylindrical coil design instead. This time, the coil is axis symmetric to
the x-axis. The coil is divided into eleven sections that are connected in serial, thus carrying the same
current. The lengths of the segments add up to 100 mm. The current can be set to any value, because
only the basic characteristic of the evolving magnetic field is of importance. To simulate the design of the
PCB coils, every segment has a different number of turns, compared to its neighboring segments. The
simulation result in Figure 16 shows that the magnetic flux density is minimum at dy, = 0 mm. Then, the
magnetic flux density increases to its maximum at dy = 100 mm, validating the aforementioned
assumptions.

Q
<

Figure 16. Simulated Magnetic Field of Asymmetric Coil

The coil measures 100 mm x 15 mm, has 28 turns per layer on two layers, and a 3.3-mm loop stepping.
The AC magnetic field that the coil produces is strongest at its innermost turn and decays towards the left-
hand side. Therefore, the peak strength of the AC magnetic field lies right of the geometric center of the
coil. Texas Instruments provides PCB layout scripts that generate stretched coils for linear position
sensing applications. The application report SNOA930 contains further information on LDC sensor design.

TIDUA26A—-June 2015—-Revised June 2015 Inductive Linear Position Sensing Booster Pack 17
Submit Documentation Feedback
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/lit/pdf/SNOA930
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA26A

13 TEXAS
INSTRUMENTS

System Design Theory www.ti.com

Figure 17, Figure 18, and Figure 19 show different target positions with respect to the sensor coil in
different views.

Innermost turn:
Metal Target PCB Coil Highest field line density

Yrageer = 25mm 15mm

XTARGET =14mm
I 100mm I

I |
Figure 17. Starting Position: dy =0 mm (Top View)

PCB Coi Metal Target

. 15mm

100mm I

Figure 18. Final Position: dy = 100 mm (Top View)

Air gap or Z axis

Figure 19. Final Position: dy = 100 mm (Side View)

PCB COIL

The target length X areer impacts resolution and travel range. A longer target improves resolution but limits
the usable travel range. The target width Y ,rcer must extend past the coil to ensure maximum metal
exposure.

The wide range of oscillation frequency and the driving current of the LDC1101 device provide great
flexibility to the user when selecting the dimensions of the coil that best suits his or her specific
mechanical system configuration. However, certain rules must be followed to ensure the proper operation
of the device.

e LCtank resonant frequency — The recommended sensor frequency range for LDC1101 devices is
500 kHz to 10 MHz.

» Inductance of the sensor coil — There is no absolute requirement on the value of the inductance, as
long as the range of the resonant frequency and R, (the parallel loss resistance) are not violated.

* Ry of the LC tank — The LC tank is “lossy” due to the inductor’s loss and the energy dissipated by the
target metal. This loss can be modeled by a parallel equivalent resistance R,. The more the energy
loss in the LC tank, the smaller is the value of R,. The range of R, values that the LDC1101 device
can be ranges from 1 kQ to 128 kQ. Different sensing applications may use different ranges of the
resonance impedance R, to measure. The LDC1101 measurement range of R, is controlled by setting
the RP_SET register: RP_MIN and RP_MAX bits. For a given application, R, must never be outside
the range set by these register values to avoid clipping the measured value. For optimal sensor
resolution, the range of RP_MIN to RP_MAX must not be unnecessarily large.
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The capacitors must be placed as close to the sensor coil as possible to reduce the parasitic inductance
of the PCB traces. The trace length from the LC tank to the IC is less critical, because they do not affect
the resonance frequency.

Tl recommends using high quality capacitors, such as the NPO/COG ceramic capacitors or film capacitors
with a tolerance of 1% to 5%. The tank capacitor is a 300-pF, NPO/COG ceramic surface-mount device
(SMD) part. These values make the tank oscillate at a resonant frequency that is slightly less than 1 MHz,
which is below the 10-MHz operation limit. The sensor coil that works at the highest possible frequency in
precision applications is advantageous because these sensor coils would then require a fewer number of
turns (frequency is proportional to 1 / N2). Also, fewer turns help to reduce the temperature drift of the
frequency due to the target’s resistance change.

4.3 Target Metal: Composition and Thickness
Certain metal types perform better than other types in terms of creating a greater change in sensor output.
These metals have high electrical conductivity and low magnetic permeability, for example, common
aluminum (alloys) and copper (alloys). The 300 series of non-ferrite stainless steel materials also work
well, in that they cannot be picked up by a magnet.
Because alternating currents (such as eddy currents) tend to concentrate on the metal surface facing the
sensor coil (known as the “skin effect”), a thin layer of metal usually works well enough. The following
Table 2 shows the recommended minimum thickness for several commonly used metals.
Table 2. Recommended Minimum Target Metal Thickness
SENSOR FREQUENCY (MHz)
TARGET METAL
1 3 10
Copper 63 37 20
Silver 64 37 20
Gold 77 45 24
Aluminum 82 47 26
Aluminum Alloy 99 57 31
Brass (yellow) 127 73 40
Solder 214 123 68
Non-ferritic stainless steel (3xx series) 421 243 133
4.4 Boundary Conditions
For proper use of the LDC1101 device, setting its registers depending on the connected LC tank is
necessary. Primarily, the following two conditions must be fulfilled for the capacitor C of the LC tank that
must be connected in parallel to the coil.
500 kHz < Fggnsor <10 MHz
1kQSRPS128 kQ )
These two boundary conditions must be satisfied for minimum and maximum target distances.
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4.5 Criterion for Maximizing Resolution
The number of code words difference between two extreme positions (dy = 0 mm and dy = 100 mm) is
determined by using Equation 3:
F F
RESP _ TIME x CLKIN B CLKIN
ACODE SENSOR_at_Omm T SENSOR_at_100mm
3
where
e Fqoun is the external time-base clock input into the LDC1101
*  Fsensor @t Omm is the resonant frequency of sensor when the target is at position X = 0 mm
¢ Fqensor @t 100mm is the resonant frequency of sensor when the target is at position X = 100 mm
* RESP_TIME is the programmed value of the LDC1101 register field RESP_TIME 3

To achieve the optimum resolution:

» Maximize the difference of readings between the “maximum” and “minimum” position of the target over
the sensor. For lateral sensing, the target moves from the least amount of material covering the coil to
the most amount of material covering the coil.

» Use the maximum supported reference frequency ( = 12 MHz).

» Use the slowest possible sampling rate (largest response time = 6144).

» Improve the resolution further by averaging over multiple samples externally.

4.6 Measuring Inductance

The LDC1101 device measures the sensor’s frequency of oscillation by the use of a frequency counter, as

Figure 20 shows. The frequency counter timing is set by an external clock (12 MHz typical) from the

microcontroller and is provided on the CLKIN pin. The sensor resonance frequency is derived from the

frequency counter registers value (see registers 0x23 - 0x24 in R, + L mode and registers 0x38 through

0x3A in LHR mode) as follows in Equation 4 and Equation 5.

In Ry + L mode:

s F F FoLkin xRESP _TIME

ensor Frequency, =
auency. Tsensor 3xL_DATA
where
e Foun is the frequency input to the CLKIN pin
 L_DATA is the contents of registers 0x23 and 0x24
* RESP_TIME is the programmed response time in register 0x04 (4)

In LHR mode:

Fsensor = FoLn x 2 SENSOR_DIV, (LHR_DATA +LHR _OFFSET x 28 ) x 2724

where

e Fcun is the frequency input to the CLKIN pin

 LHR_DATA is the contents of registers 0x38, 0x39, and Ox3A

« LHR_OFFSET is the programmed contents of registers 0x32 and 0x33, note that this value is scaled by 256

* SENSOR_DIV is the contents of LHR_CONFIG.SENSOR_DIV (register 0x34-bit [1:0]) (5)
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The following Equation 6 can be used to calculate the inductance:

1
L= 5
Cx(2nFsensoRr )
where
» Cis the parallel capacitance of the resonator (6)
e
P
"
L
e Feount
Rs
Fa
"
—
Reference clock
Figure 20. Sensor Frequency Measurement
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5 Test Setup

The inductance measurement is obtained at each position with the test setup that the following Figure 21
shows. A motorized linear table is used to set the accurate position. The PCB sensor coil is located at the
top of the linear table so that its position can be controlled by the servo motor. A jig stand that affixes to
the top of the sensor coil holds the metal target in place. The air gap between the sensor coil and the
metal target is maintained at 1 mm, 2 mm, and 3 mm. The inductance values are measured for every
0.5-mm increment of the sensor coil using the TIDA-00460 board and are logged in a PC using a GUI for
further processing. The sensor coil moves up to the maximum displacement of 100 mm.

TIDA-00460
Board

Metal target
Pattern inductive coil Screw
Linear table

= '

Figure 21. Motorized Linear Table Test Setup

<_
i

22 Inductive Linear Position Sensing Booster Pack TIDUA26A—June 2015—Revised June 2015

Submit Documentation Feedback
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA26A

13 TEXAS
INSTRUMENTS

www.ti.com Test Data

6 Test Data

NOTE: The test data in the following sections was measured with the system at room temperature,
unless otherwise noted.

All of the measurements in this section were measured with calibrated lab equipment.

Moving a target from dy, = 0 mm to dy = 100 mm at an air gap of d, = 1mm, 2mm, and 3mm in 0.5-mm
increments results in the data output that the following Figure 22 shows. The target is a 14- x 25-mm
aluminum target.
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N
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dz=3mm
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Linear Slider Position (mm)

Figure 22. Sensor Inductance Versus Distance

The graph in Figure 22 that results from sliding the target from dyx = 0 mm to dy = 100 mm can be broken
up into three distinct regions.

1. Reduced resolution: Between 0.0 mm and 20.0 mm, the target enters the magnetic field of the coil.
This region can be used to determine the target position, but its resolution is less than in the center
region (optimal operating region). For example, moving from dy = 5.0 mmto dy =55 mm atd, =1 mm
results in an inductance change from 95.547 pH to 95.544 pH, which is a 0.003-pH inductance
change. Therefore, the average inductance decrease over this range is 0.006-pH per mm.

2. Optimal operating region: The center region spans from 20.0 mm to 90.0 mm over which the sensor
inductance decreases from 95.023 pH to 86.003 pH. This region can be used to most accurately
determine the target position. For example, the data shows that moving from dy = 50.0 mm to
dy = 50.5 mm at d, = 1 mm results in an inductance change from 91.636 pH to 91.565 pH, which is a
0.071-pH inductance change. Therefore, the average inductance decrease over this range is 0.142-puH
per mm.

3. Not usable: Between dy, = 90 mm to dy, = 100 mm, the downward trend reverses, which is due to the
drop in magnetic field strength past the center coil loop. The use of this region poses significant system
challenges for the small increase in target travel range that it provides because the LDC output codes
cannot be uniquely mapped into this region.

In conclusion, the region past the center coil loop (between dy, = 90.0 mm and dy = 100.0 mm) is not
monotonic and is therefore unusable for this application. This unusable region limits the usable travel
range to 90 mm. Depending on system accuracy requirements, precision applications may also require to
discard the region between 0.0 mm and 20.0 mm. This discarding leads to a usable travel range of 70 mm
(70% of the total coil length). As a result, the coil design length must extend beyond the required travel
range.
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The output is mostly linear over 70% of the travel range. Provided that the degree of linearization during
this range is sufficient to meet the system accuracy requirements, no additional linearization is necessary.
However, users often desire a higher degree of linearization to minimize the required coil length and
improve system accuracy. The following two approaches can be used to improve the linearity of the
measurement:

1. The output code can be translated to travel distance by calculating the best-fit curve through the output
response. For this approach, system accuracy requirements dictate the minimum polynomial degree,
thereby also dictating the required processing power of the microcontroller. The user may incorporate
the coefficients of the polynomial into the microcontroller. When the sensor coil is moved using the
linear table, the microcontroller receives the data from the LDC1101 device and runs the data through
the polynomial equation using the programmed coefficients, which then generates the distance in mm.

2. The output code can be translated to travel distance by employing a look-up table. This approach
requires little processing power, but requires memory for the look-up table.

To convert the output of the LDC1101 device into useful, real-world data, a system calibration is
necessary. The output of the LDC1101 device at each data point was recorded and the regression method
was used to generate a 4th order polynomial curve to best fit the data from dy = 20.0 mm to dy = 90.0 mm
(see Figure 23).
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Figure 23. Measured System Errors

Because the magnetic field strength rapidly decays beyond one coil diameter distance, Tl recommends
keeping the target distance (air gap or d,) to less than that of the coil diameter to ensure precise
measurements. For non-circular coils (such as the one used in this example), the smaller coil dimension
must be considered to be the coil diameter. However, the best measurement accuracy is achievable if d,
is kept even lower. As the following Table 3 shows, a comparison of the measurement output at three
different target distances shows that the maximum resolution can be achieved at the lowest d, height.
When determining the minimum target distance that can be used in a system, ensure that there is an
available drive current setting within the operating range that satisfies R, and the maximum oscillation
amplitude requirements.

Table 3. Comparison of Measurement Output

AIR GAP OR d; SENSITIVITY FROM dy = 0 mm TO dy = 20 mm SENSITIVITY FROM dy = 20 mm TO dy = 90 mm
1 mm -0.0266 pH/mm —0.1289 pH/mm
2 mm -0.0174 pH/mm -0.0843 pH/mm
3 mm -0.0121 pH/mm -0.0568 pH/mm
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7 Summary

Inductive sensing is an ideal sensing method for linear position sensing due to its contactless nature and
high reliability. A linear position can be measured either by using a circular coil and a triangular target, or
by using a stretched coil and a rectangular target. The space requirements for a coil and target are the
primary deciding factors as to which approach to use for a system. Using a stretched coil and rectangular
target is suitable for systems in which system space constraints dictate the use of a small target.

Texas Instruments provides coil scripts that greatly simplify coil design for this approach.
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Schematics

To download the schematics for ea

ch board, see the design files at TIDA-00460.

UGND, o112
s
20|~ o MSP_PUR SH1 01 VBUS+5V_LP |4 LDO_IN LP5951MG 33NoPB  *33YLDO 2
4 1 [ — 1
€Y W8 2 ~rr R14,,, 499 9 O=¥
TPDZE0OTDRLR R1 3 519 ST
aND VLS201610ET-100M 6 1o ols%
1406 Jolen  No A GNP S8 1o oIX
4 PECO3SAAN C1 C2
1D =X 220F | 0.1pF GND. 22uF MOSI_BP o g:
3 DProute R2 27 MSP_DP MISO BP
o 19 3T crios
D- |2 DMroute R4 27 _o MSP_DM - = CS BP. GPIO2
” vgl‘gs R3 als 3 GPIOT
1 os 1M D
veus SWHAT0-23-F-D
SBRUZQUTS 7-F
el —C7 C8 ! +:
Sev oo T onr S TIDA-00460 Powered By J1 J7 J9 J10 P 33LLP
. 1
+3.3V from Launch Pad Don't Care | Short2-3 | Short1-2 | Open 133V LDO 33V 433V LP o oh
5 = — L — +5V from Launch Pad Short 2-3 | Short 1-2 | Short 12 | Open S fo of5X
GND GND GND  GND MSP430 FET T2 - 2 2 ora
ool Don't Care | All Open | Short2-3 | Open fo mI?
to of
VBUS Short 12 | Short 1-2 | Short1-2 |  Open eehasann fo off scuker
o ot
VBUS & MSP430's Built-in LDO | Don't Care | All Open | Short 1-2 | Short 1-2 Lo (y%
+O0 O
SSW-110-23-F-D
+33v
GLED RLED
u4
If two bypass capacitors are used, populate
8 /7 MCU CLKIN 18{ p1.0mA0CLKIACLK P2.0TA1.1 MCU CSB smaller value on C1 footprint
R e P11AO.0 P2.AMTA1 2 ok
ol P1.27TAO.1 P22TA2CLKISMCLK TSW-102-07-T-S
P1.3TAO.2 P2.3TA2.0
twon o Pt P rng Lo o0t
2 s s Pz omia 2 531 —GPIOZ
o o P1.6TAICLKICBOUT P26IRTCCLKIDMAED
202 03 ) P1.7TAT.0 P2.7/UCBOSTE/IUCAOCLK CS BP Spy-bi-wire Intert & ESD Protecti us
¢l -bi-wire Interface rotection
Goon W Siperres MOS8 34.] s cucoosoncooson Pae uonio e NEU SeK Py N
- - WSO BF 551 ps r/ucsosomiuceoscl P4.1PM_UCB1SIMOIP_UCB1SDA
SOLCBP 307! oot cancixucnoste 42N UoB1SOMIP UG 1501 - ,
AR D0 S cuoaio S BRI UAToTE L I wa
AT RO 902 o Gharoacasso 4P GoATTXOPI TOATSN [ OU 22 e v
P4.5/PM_UCATRXD/PM_UCA1SOMI 5TETob0soPYR Sl ing
P4.6/PM_NONE
X 0
P4TIPMNONE cLoo
ABM8-24.000MHZ-B2-T GLED 1 us MCU CLKIN 2 of CLKIN c12
P6.0ICBOIAD
, T —; oAt oS sk 1 [ ole g eSO 3 o Sotse
P5.2IXT2IN P6.2ICB2IA2 35
3 MSP_XT2 i Po alcaalas Lt TPDIET0B0GDPYR e 5o -
L l 22+ psamxin P6.4/CBAAS [0 sol .
$334] ps sixout P65ICBSIAS [0 eND
oo EféaFI?é"F Poacoine L . Moucss ) cos oD [
ot P P6.7/CBTIAT a8 33
MSP_DP. 50 6 J9 LDC1101DRC
Sy — e 0
= S s o moiTeR v PecusAAN
R15 100 MSP_PUR 51 | pur PJ. SfTCKS 6 33k of oy | +3.3V
5
MSPV18 55 |\qg ST 64 SBWTDIO 1 VCC TOOL TP4
MSPVC 17 59 SBWTCK > 23 VCC_TARGET
VUSB  VBUS = ROt 5 re INA R10 COILA
=+ 5 e e—X
, I —m arNPAD Lers Lle r7§ 0
33V vuse vy 2200pF e ST uart X0 R12
1 oo 3l 4 UART RXD )
c18 20 5 AvcCt Avss2 I C16 C17
220nF uAmF 2200F B0 Bvecy vees = = SBHIT-PBPC-DO7-ST-8K 1pF had %
GND GND
2
MSP430F5528IRGC >_TANK 1
GlD 330pF
433V GND PPTCO021LGBN-RC
TP9  TP10
C21 C22
R13
p8 18pF 18pF A
VUSB +3.3V -C23 C25 C26 -C27
10pF [ 0pF [ 0.1pF | 0.1pF INB R colLB
SHJ10 10

TSW-102-07-T-8

GND

Figure 24. TIDA-00460 Schematic
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8.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00460.

8.3 Layout Prints
To download the layout prints for each board, see the design files at TIDA-00460.

8.4 Altium Project
To download the Altium project files, see the design files at TIDA-00460.

8.5 Gerber Files
To download the Gerber files, see the design files at TIDA-00460.

8.6 Assembly Drawings

To download the assembly drawings for each board, see the design files at TIDA-00460.
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

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

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

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

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

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

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

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

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

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

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

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

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

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