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TI Designs Design Features
TI Designs provide the foundation that you need The RTD Temperature Transmitter is a 4 to 20-mA
including methodology, testing and design files to current-loop reference design that supports RTD
quickly evaluate and customize and system. TI probes.
Designs help you accelerate your time to market. • Input Compatible with 2, 3, and 4-wire RTD Probes

• 4 to 20-mA current-loop signal outputDesign Resources
• Low power consumption of 1.4 mA (with RTD

Tool Folder Containing Design FilesTIDA-0095 biasing currents) is ideal for loop powered systems
ADS1220 Product Folder • Output resolution: 0.25 µA
DAC161S997 Product Folder • Maximum measured error 0.11°C (–200°C to
MSP430G2513 Product Folder 200°C), 0.17°C (–200°C to 850°C)
TPS7A4901 Product Folder • Power-supply influence of 0.3 µA from 10-30 V

• Temperature range for RTD –200°C to 850°C
• IEC61000-4-2: ESD: Air Discharge: ±8 kV Class A
• IEC61000-4-4: EFT ±2 kV Class A

Featured Applications
• Factory Automation and Process Control
• Sensors and Field Transmitters
• Building Automation
• Portable Instrumentation

ASK Our Analog Experts
WebBench Calculator Tools

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

All trademarks are the property of their respective owners.
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1 Key System Specifications

Parameter Specifications and Features Details
2-wire, 3-wire, and 4-wire RTDProbe Type See Section 5.3MSP430 Firmware supports PT-100 RTD by default

Output Signal 4 to 20 mA See Table 8
Temperature Range for RTD –200°C to 850°C See Figure 47
Power Supply Range 10 to 35-V DC See Section 7

Low: 3.375 mA (typical)Error Current See Figure 23High: 21.75 mA (typical)
1.4 mA (typical) of DAC, ADC, MSP, and LDO including 500 µA of RTDLoop Power Consumption See Section 6.9biasing currents

See Section 4.9Reverse Polarity on Input Power Supported and Section 6.8
Ambient Temperature –40°C to 85°C See Section 8

0.029°C (noise free resolution of the analog front-end)
Input Resolution ADS1220: PGA gain = 16, VREF = 1.62 V See Section 6.2

Sampling rate: 20 samples per second (SPS)
Output Resolution 0.25 µA See Section 6.4
System Accuracy or Maximum 0.11°C (–200°C to 200°C) See Section 6.6Measured Error 0.17°C (–200°C to 850°C)
Power Supply Influence Deviation of 0.3 µA from 10 V to 30 V See Section 6.7

Horizontal coupling plane
See

IEC ESD on Loop Power IEC61000-4-2, ESD Vertical coupling Plane: ±4 kV — Class A Section 4.11
andAir discharge: ±8 kV — Class A
Section 6.10

IEC EFT on Loop Power IEC61000-4-4 EFT: ±2 kV — Class A
ADC See Section 4.6Calibration Offset and gain calibration and Section 4.7DAC
–200°C to 850°C lookup table with 1°C resolution implemented in the

RTD non-linearity MSP430 Firmware to resolve non-linearity of RTD or the Callendar-Van See Section 4.2
Dusen relationship between resistance and temperature.

Connectivity Interface UART, via a USB to UART dongle See Figure 24
Form Factor 1.588-inch diameter, circular board See Figure 61
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2 System Description
This comprehensive design provides a complete system that measures and processes temperature
signals inputs from 2-wire, 3-wire, and 4-wire resistance temperature detectors (RTDs) and outputs a 4 to
20-mA current-loop signal corresponding to the temperature processed from the RTD inputs (see
Figure 1). The reference design is intended for process measurement applications in factory automation,
field transmitters, and building automation. With less-than 0.17°C maximum measured error over –200°C
to 850°C, extremely low loop power consumption 1.4 mA (typical) including RTD biasing currents and
IEC61000 pre compliance testing, this design significantly reduces the design time for development of
high-accuracy temperature transmitter systems. This design also addresses system-level calibration, both
offset and gain calibration, to improve ADC and DAC accuracy. Linear interpolation is also included in this
design to address the non-linearity of the RTD element. The reference design provides a complete design
guide for the hardware and firmware design of a temperature transmitter with a 4 to 20-mA current output
in a small industrial form factor (see Figure 57). The design files include schematics, Bill of Materials
(BOM), layer plots, Altium files, Gerber Files, and MSP430 Firmware.

The overall system-level requirements for this design were: the system must perform precise ratiometric
RTD measurements with 4 to 20-mA current loop accuracy to meet the overall system-error specification,
the maximum measured error of the system must be below approximately 0.4°C between –200°C and
850°C, low quiescent current of the system must meet system alarm requirements of less than 3.5 mA,
small overall form factor, low-cost and low-power processor capable of performing gain and offset
calibration of the ADC and DAC and linear interpolation using a RTD lookup table. To translate the above
requirements to sub-system level, the requirements of ADC, DAC, processor, and power management are
listed.

ADC
• ADC with current excitation and buffered reference inputs for implementing a ratiometric measurement
• Low power to meet the loop power requirements
• Low noise high input impedance PGA
• Small package to fit in the form factor of the design
• Simultaneous 50-Hz and 60-Hz rejection to filter the noise from power mains
• Target resolution of 10 times lower than the overall system accuracy of 0.4°C at –200°C and 850°C

The ADS1220 device, with 24-bit sigma-delta ADC was selected because the device meets the listed
requirements for the ADC subsystem.

DAC
• Digital input to analog output that supports 4 to 20-mA current loop
• Target resolution of 10 times lower than the overall system accuracy of 0.4°C at –200°C and 850°C
• Small package to fit in the form factor of the design
• Similar interface for MCU control as ADC

The DAC161S997 device, with a 16-bit resolution was selected because the device meets the listed
requirements for the DAC subsystem.

Processor
• Floating point math to implement all the calculations involving gain and offset calibration
• 16k Flash to support floating point math as well as the PT-100 lookup table
• UART interface for COM port communication for debug purposes
• SPI interface or equivalent to communicate to ADC and DAC
• Low cost and low power

The value-line MSP430 device was selected for overall low-cost design. The 16k flash option was
selected to meet the listed requirements for the processor.

Power Management
• Generates 3.3 V nominal from 10 to 35-V supply
• High PSRR, low noise to keep the power supply influence on the system accuracy low
• Small form factor
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• Low θJA, in case of low-dropout regulator (LDO) selection, to ensure that the junction temperature is
not exceeded in the application
The TPS7A4901 device (LDO) was selected because the device meets the listed requirements of the
power management.

The highly-integrated devices in this design deliver a 4-chip system solution. The analog-to-digital
converter (ADC) from Texas Instruments, the ADS1220 device (see Figure 2), interfaces with a 2-wire, 3-
wire, or 4-wire RTD probe and the MSP430™ microcontroller (see Figure 4). The microcontroller (MCU)
runs the application firmware including the algorithms for system calibration (see Section 4.6, Section 4.7,
and Section 4.2). The output is controlled by a DAC from TI, the DAC161S997 device (see Figure 3), that
interfaces with the MSP430 and delivers a 4 to 20-mA output current proportional to the RTD temperature
reading (see Figure 45). TI’s low dropout regulator (LDO), the TPS7A4901 device, supplies the system
with power (See Figure 5). The TPS7A4901 device has an input-voltage range of 3 to 36-V, very low
noise (15.4 µVRMS, 72-dB PSRR), and high thermal performance. The design also incorporates reverse-
polarity protection capability as well as IEC61000-4-2 and IEC61000-4-4 protection on the loop power
input.

2.1 ADS1220
The ADS1220 device (also referred to as the ADC) is a precision, 24-bit, analog-to-digital converter (ADC)
that offers many integrated features to reduce system cost and component count in applications
measuring small sensor signals. The device features two differential or four single-ended inputs through a
flexible input multiplexer (mux), a low-noise programmable gain amplifier (PGA), two programmable
excitation current sources, a voltage reference, an oscillator, a low-side switch, and a precision
temperature sensor.

The device performs conversions at data rates of up to 2000 samples-per-second (SPS) with single-cycle
settling. At 20 SPS the digital filter offers simultaneous 50-Hz and 60-Hz rejection for noisy industrial
applications. The internal PGA offers gains of up to 128 V/V. This PGA makes the ADS1220 ideally-suited
for applications measuring small sensor signals, such as resistance temperature detectors (RTDs),
thermocouples, thermistors, and bridge sensors. The device supports measurements of pseudo-
differential or fully-differential signals when using the PGA. Alternatively, the device can be configured to
bypass the internal PGA while still providing high input impedance and gains of up to 4 V/V, allowing for
single-ended measurements.

The power consumption is as low as 120 µA when operating in duty-cycle mode with the PGA disabled.
Communication to the device is established through a Mode 1 SPI-compatible interface. The ADS1220
device is offered in a leadless QFN-16 or a TSSOP-16 package and specified over a temperature range of
–40°C to 125°C. For the ADS1220 block diagram, see Figure 2.

2.2 DAC161S997
The DAC161S997 device (also referred to as the DAC) is a very low power 16-bit ΣΔ digital-to-analog
converter (DAC) for transmitting an analog output current over an industry standard 4 to 20-mA current
loop. The DAC161S997 device has a simple 4-wire SPI for data transfer and configuration of the DAC
functions. To reduce power and component count in compact loop-powered applications, the
DAC161S997 device contains an internal ultra-low power voltage reference and an internal oscillator. The
low power consumption of the DAC161S997 device results in additional current being available for the
remaining portion of the system. The loop drive of the DAC161S997 device interfaces to a Highway
Addressable Remote Transducer (HART) modulator, allowing injection of FSK modulated digital data into
the 4 to 20-mA current loop. This combination of specifications and features makes the DAC161S997
device ideal for 2- and 4-wire industrial transmitters. The DAC161S997 is available in a 16-pin 4 mm × 4
mm WQFN package and is specified over the extended industrial temperature range of –40°C to 105°C.
For the DAC161S997 block diagram, see Figure 3.
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2.3 MSP430G2513
The Texas Instruments MSP430 family of ultra-low-power microcontrollers consists of several devices
featuring different sets of peripherals targeted for various applications. The architecture, combined with
five low-power modes, is optimized to achieve extended battery life in portable measurement applications.
The device features a powerful 16-bit 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 less than 1 µs.

The MSP430G2513 device is an ultra-low-power mixed signal microcontroller with built-in 16-bit timers,
built-in communication capability using the universal serial communication interface support as well as a
versatile analog comparator.

Typical applications include low-cost sensor systems that capture analog signals, convert them to digital
values, and then process the data for display or for transmission to a host system. For the MSP430G2513
block diagram, see Figure 4.

2.4 TPS7A4901
The TPS7A4901 device (also referred to as the LDO) is a positive, high-voltage (36 V), ultralow noise
(15.4 μVRMS, 72 dB PSRR) linear regulators capable of sourcing a load of 150 mA.

These linear regulators include a CMOS logic-level-compatible enable pin and capacitor-programmable
soft-start function that allows for customized power-management schemes. Other features available
include built-in current limit and thermal shutdown protection to safeguard the device and system during
fault conditions.

The TPS7A49xx family is designed using bipolar technology, and is ideal for high-accuracy, high-precision
instrumentation applications where clean voltage rails are critical to maximize system performance. This
design makes it an excellent choice to power operational amplifiers, analog-to-digital converters (ADCs),
digital-to-analog converters (DACs), and other high-performance analog circuitry.

In addition, the TPS7A49xx family of linear regulators is suitable for post dc/dc converter regulation. By
filtering out the output voltage ripple inherent to dc/dc switching conversion, maximum system
performance is provided in sensitive instrumentation, test and measurement, audio, and RF applications.
For the TPS7A4901 block diagram, see Figure 5.
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3 Block Diagram

Figure 1. Temperature Transmitter System Block Diagram

3.1 Highlighted Products
The RTD Temperature Transmitter Reference Design features the following devices:
• ADS1220

– Low-power, low-noise, 24-bit, analog-to-digital converter for small-signal sensors
• DAC161S997

– SPI 16-bit precision DAC for 4 to 20-mA loops
• MSP430G2513

– MSP4302513 mixed-signal microcontroller
• TPS7A4901

– VI 3-V to 36-V, 150-mA, ultra-low noise, high PSRR, low-dropout linear regulator

For more information on each of these devices, see the respective product folders at www.TI.com.
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3.1.1 ADS1220

Figure 2. ADS1220 Block Diagram

• Low current consumption:
– Duty-cycle mode: 120 μA
– Normal mode: 415 μA

• Wide supply range: 2.3 V to 5.5 V
• Programmable gain: 1 V/V to 128 V/V
• Programmable data rates: Up to 2 kSPS
• Simultaneous 50-Hz and 60-Hz rejection at 20 SPS with a single-cycle settling digital filter
• Low-noise PGA: 90 nVRMS at 20 SPS
• Dual-matched programmable current-sources: 10 μA to 1500 μA
• Internal 2.048-V reference: 5 ppm/°C (typical) drift
• Internal Oscillator: 2% (maximum) Accuracy
• Internal temperature sensor
• Two differential or four single-ended inputs
• SPI™-compatible interface
• Package: 3,5 mm × 3,5 mm × 0,9 mm QFN
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3.1.2 DAC161S997

Figure 3. DAC161S997 Block Diagram

• 16-bit resolution
• Very-low supply current of 100 µA
• 5 ppmFS/°C gain error
• Pin-programmable power-up condition
• Loop-error detection and reporting
• Programmable output-current error levels
• Simple HART modulator interfacing
• Highly integrated feature set in a small-footprint WQFN-16 (4 × 4 mm, 0,5 mm pitch)
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3.1.3 MSP430G2513

Figure 4. MSP430G2513 Block Diagram

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

– Active mode: 230 µA at 1 MHz, 2.2 V
– Standby mode: 0.5 µA
– Off mode (RAM retention): 0.1 µA

• Five power-saving modes
• Ultra-fast wake-up from standby mode in less than 1 µs
• 16-Bit RISC architecture, 62.5-ns instruction cycle time
• Basic clock module configurations

– Internal frequencies up to 16 MHz with four calibrated frequency
– Internal very-low-power low-frequency (LF) oscillator
– 32-kHz crystal
– External digital clock source

• Two 16-Bit Timer_A with three capture and compare registers
• Up to 24 capacitive-touch enabled I/O pins
• Universal serial communication interface (USCI)

– Enhanced UART supporting auto baud-rate detection (LIN)
– IrDA encoder and decoder
– Synchronous SPI
– I2C

• On-chip comparator for analog signal-compare function or slope analog-to-digital (A-D) conversion
• 10-Bit 200-ksps analog-to-digital (A-D) converter with internal reference, sample-and-hold, and

autoscan
• Brownout detector
• Serial onboard programming, no external programming voltage needed, programmable code protection

by Security Fuse
• On-chip emulation logic with Spy-Bi-Wire interface
• Package options:
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– TSSOP: 20 Pin, 28 Pin
– PDIP: 20 Pin
– QFN: 32 Pin

• For complete module descriptions, see the MSP430x2xx Family User’s Guide (SLAU144)

3.1.4 TPS7A4901

Figure 5. TPS7A4901 Block Diagram

• Input-voltage range: 3 V to 36 V
• Noise:

– 12.7 μVRMS (20 Hz to 20 kHz)
– 15.4 μVRMS (10 Hz to 100 kHz)

• Power-supply ripple rejection:
– 72 dB (120 Hz)
– ≥ 52 dB (10 Hz to 400 kHz)

• Adjustable output: 1.194 V to 33 V
• Output current: 150 mA
• Dropout voltage: 260 mV at 100 mA
• Stable with ceramic capacitors ≥ 2.2 μF
• CMOS logic-level-compatible Enable pin
• Built-in, fixed, current-limit and thermal shutdown protection
• Available in high thermal performance MSOP-8 PowerPAD™ package
• Operating temperature range: –40°C to 125°C
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4 System Design Theory

4.1 RTD Overview
A resistance temperature detector (RTD) is a sensing element made of a metal with predictable resistance
characteristics over temperature. The temperature of an RTD is therefore calculated by measuring the
resistance. RTD sensors offer wide temperature ranges, good linearity, and excellent long-term stability
and repeatability which makes RTD sensors suitable for many precision applications.

The relationship between the resistance and temperature of an RTD is defined by the Callendar-Van
Dusen (CVD) equations (see Section 4.2).

Most RTD applications use a current source as excitation for the RTD element. By driving a known current
through the RTD, a voltage potential is developed that is proportional to the resistance of the RTD and the
excitation current. This voltage potential is amplified and then fed to the inputs of an ADC, which converts
the voltage into a digital output code that can be used to calculate the RTD resistance.

Figure 6. Simplified RTD Application

4.2 Callendar-Van Dusen Equations

4.2.1 PT-100 RTD Information
The PT-100 RTD is a platinum-based RTD sensor. Platinum is a noble metal and offers excellent
performance over a wide temperature range. Platinum also features the highest resistivity of commonly
used RTD materials, requiring less material to create desirable resistance values. The PT-100 RTD has
an impedance of 100 Ω at 0°C and approximately 0.385 Ω of resistance change per 1°C change in
temperature. This impedance results in 18.52 Ω at –200°C and 390.481 Ω at 850°C. Higher-valued
resistance sensors, such as PT-1000 or PT-5000, can be used for increased sensitivity and resolution.

Class-A RTDs are a good choice for this application to provide good pre-calibration accuracy and long-
term stability. A Class-A RTD has less than 0.5°C of error at 100°C without calibration and the long-term
stability makes accurate infrequent calibration possible. Table 1 displays the tolerance, initial accuracy,
and resulting error at 100°C for the five main classes of RTDs.

Table 1. RTD Class Tolerance Information
Tolerance Class Resistance at 0°CTolerance Values (°C) Error at 100°C (°C)(DIN-IEC 60751) (Ω)

AAA (1) ± (0.03 + 0.0005 × T) 100 ± 0.012 ± 0.08
AA ± (0.01 + 0.0017 × T) 100 ± 0.04 ± 0.27
A ± (0.15 + 0.002 × T) 100 ± 0.06 ± 0.35
B ± (0.3 + 0.005 × T) 100 ± 0.12 ± 0.8
C ± (0.6 + 0.01 × T) 100 ± 0.24 ± 1.6

(1) AAA is not included in the DIN-IEC 60751 specification but is an industry accepted tolerance for performance demanding
applications.
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For positive temperatures the CVD equation is a second-order polynomial as shown in Equation 1.
RTD(T) = R0 × [1 + A(T) + B(T)2] (1)

For negative temperatures from –200°C to 0°C, the CVD equation expands to a fourth-order polynomial
shown in Equation 2.

RTD(T) = R0 × [1 + A(T) + B(T)2 + C(T)3 × (T – 100)] (2)

The coefficients in the Callendar-Van Dusen equations are defined by the IEC-60751 standard. R0 is the
resistance of the RTD at 0°C. For a PT-100 RTD with an alpha (α) of 0.00385, the coefficients are shown
in Equation 3.

(3)

The change in resistance of a PT-100 RTD from –200°C to 850°C is shown in Figure 7.

Figure 7. PT-100 RTD Resistance from –200°C to 850°C

While the change in RTD resistance is fairly linear over small temperature ranges, Figure 8 shows the
resulting non-linearity if an end-point fit is made to the curve shown in Figure 7. The results show
approximately 0.375% non-linearity and illustrate the necessity for digital calibration.

Figure 8. PT-100 RTD Non-Linearity from –200°C to 850°C
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In this reference design, a lookup table for the PT-100 (see Figure 32 and Figure 33) with a resolution of
1°C is used for linear interpolation. The RTD value is computed after offset and gain calibration. Then this
RTD value is used in linear interpolation of the line segment involving two surrounding points in the PT-
100 table. If additional accuracy is desired, a table with more points with less than 1°C or more accurate
curve fit can be stored as a look up reference table.

4.3 ADC RTD Measurement
The ADS1220 device integrates all required features (such as dual-matched programmable current
sources, buffered reference inputs, and PGA) to ease the implementation of ratiometric 2-wire, 3-wire, and
4-wire RTD measurements.

Figure 9. 3-Wire RTD Measurement

The circuit in Figure 9 employs a ratiometric measurement approach. In other words, the sensor signal
(the voltage across the RTD) and the reference voltage for the ADC are derived from the same excitation
source. Therefore, errors resulting from temperature drift or noise cancel out because these errors are
common to both the sensor signal and the reference.

In order to implement a ratiometric 3-wire RTD measurement using the ADS1220 device, IDAC1 is routed
to one of the excitation leads of the RTD while IDAC2 is routed to the second excitation lead. Both
currents have the same value, which is programmable by bits IDAC[2:0] in the configuration register. The
design of the ADS1220 device ensures that both IDAC values are closely matched, even across
temperature. The sum of both currents flows through a low-drift reference resistor, RREF. The voltage, VREF,
generated across the reference resistor is shown in Equation 4. Because IDAC1 = IDAC2, Equation 5 is
then used as the ADC reference voltage.

VREF = (IDAC1 + IDAC2) × RREF (4)
VREF = 2 × IDAC1 × RREF

• IDAC1 and IDAC2 based on default firmware: 250 µA, RREF = 3.24 kΩ
• VREF = 1.62 V (5)

Equation 6 assumes for the moment that the individual lead resistance values of the RTD (RLEADx) are
zero. Only IDAC1 excites the RTD to produce a voltage VRTD, which is proportional to the temperature
dependable RTD value and the IDAC1 value.

VRTD = RRTD (Temperature) × IIDAC1 (6)
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The ADS1220 device internally amplifies the voltage across the RTD using the PGA and compares the
resulting voltage against the reference voltage to produce a digital output code, which is proportional to
Equation 7 and Equation 9.

Code ∝ VRTD × PGA / VREF (7)
Code ∝ (RRTD [Temperature] × IIDAC1 × PGA) / (2 × IDAC1 × RREF) (8)
Code ∝ (RRTD [Temperature] × PGA) / (2 × RREF) (9)

As shown in Equation 9, the output code depends only on the value of the RTD, the PGA gain and the
reference resistor (RREF), but not on the IDAC1 value. The absolute accuracy and temperature drift of the
excitation current therefore does not matter. However, because the value of the reference resistor directly
impacts the measurement result, choosing a reference resistor with a very low temperature coefficient is
important to limit errors introduced by the temperature drift of RREF.

The second IDAC2 is used to compensate for errors introduced by the voltage drop across the lead
resistance of the RTD. All three leads of a 3-wire RTD typically have the same length and, thus, the same
lead resistance. Also, IDAC1 and IDAC2 have the same value. Consequently, the differential voltage (VIN)
across the ADC inputs, AIN0 and AIN1, is as shown in Equation 10.

VIN = VAIN0 – VAIN1 = IIDAC1 × (RRTD + RLEAD1) – IIDAC2 × RLEAD2 (10)

When RLEAD1 = RLEAD2 and IIDAC1 = IIDAC2, Equation 10 reduces to Equation 11.
VIN = IIDAC1 × RRTD (11)

In other words, the measurement error resulting from the voltage drop across the RTD lead resistance is
compensated for, as long as the lead resistance values and the IDAC values are well matched.

Implementing a 2-wire or 4-wire RTD measurement is very similar to the 3-wire RTD measurement shown
in Section 4.3 except that only one IDAC is required. See Figure 34 for the ADC Code to RTD Conversion
as implemented in MSP430 Firmware.

4.4 ADC Input and Reference Low Pass Filter
Using differential and common-mode low-pass filters at the input and reference paths improves the
cancellation of excitation and environment noise.

NOTE: The corner frequency of the two differential filters must be well matched.

For example: For the selected ADS1220 sampling rate of 20 SPS results in a –3 dB bandwidth of
14.8 Hz. Therefore, the filter –3 dB corner frequency must be set at a decade greater than the bandwidth
of the ADS1220.

(12)

(13)

To ensure that mismatch of the common-mode filtering capacitors is not translated to a differential voltage,
the common-mode capacitors (CI_CM1 and CI_CM2) were chosen to be ten-times smaller than the differential
capacitor.
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Figure 10. Input and Reference Low-Pass Filtering

Figure 11. Low Pass Filtering on ADS1220 inputs as implemented in this Design

The cut off frequency chosen for this design is higher to account for faster sampling rate.

4.5 DAC Theory of Operation
The DAC converts the 16-bit input code in the DACCODE registers to an equivalent current output. The
ΣΔ DAC output is a current pulse which is then filtered by a third-order RC lowpass filter and boosted to
produce the loop current (ILOOP) at the device OUT pin.

Figure 12 shows the principle of operation of the DAC161S997 in the loop-powered transmitter.
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Figure 12. Loop-Powered Transmitter

In Figure 12, ID and IA represent supply (quiescent) currents of the internal digital and analog blocks. IAUX
represents supply (quiescent) current of companion devices present in the system, such as the voltage
regulator and the digital interface. Because both the control loop formed by the amplifier and the bipolar
transitor force the voltage across R1 and R2 to be equal, under normal conditions, the ILOOP is dependent
only on IDAC through the following relationship (see Equation 14 and Figure 13).

ILoop = (1 + R1 / R2) IDAC

where
• IDAC = ƒ(DACCODE) (14)

Figure 13. DAC-DC Transfer Function

The DAC161S997 cannot directly interface to the typical 4 to 20-mA loop because of the high supply
voltage. The loop interface has to provide the means of stepping down the LOOP Supply to approximately
3.3 V. The second component of the loop interface is the external NPN transistor (BJT). This device is
part of the control circuit that regulates the transmitter’s output current (ILOOP). Since the BJT operates over
the wide current range, spanning at least 4 to 20 mA, degenerating the emitter in order to stabilize
transconductance (gm) of the transistor is not necessary. The degeneration resistor of 20 Ω is suggested
in typical applications.

In this system, the default firmware supports temperature range from –200°C to 850°C. Thus a theoretical
DAC error of 1 µA would lead to 0.065°C error in the system. See Figure 35 for temperature to current
conversion as implemented in the MSP430 Firmware.
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4.6 Offset Error
The offset error as shown in Figure 14 is defined as the difference between the nominal and actual offset
points. For an ADC, the offset point is the midstep value when the digital output is zero, and for a DAC it is
the step value when the digital input is zero. This error affects all codes by the same amount and can
usually be compensated for by a trimming process. If trimming is not possible, this error is referred to as
the zero-scale error.

In this design, offset error correction for ADC is shown in Figure 31. In this algorithm, the ADC input pins
inside the ADS1220 device are shorted and a given number of measurements are averaged to determine
an offset error correction that is applied to all functional measurements. For DAC offset error correction,
see Section 6.5. The offset correction required for the DAC was not as significant as the gain correction as
shown in Figure 44. The firmware does not implement a DAC offset correction. However, a simple
algorithm can be implemented if offset correction is needed.

Figure 14. Offset Error
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4.7 Gain Error
The gain error shown in Figure 15 is defined as the difference between the nominal and actual gain points
on the transfer function after the offset error has been corrected to zero. For an ADC, the gain point is the
midstep value when the digital output is full scale, and for a DAC it is the step value when the digital input
is full scale. This error represents a difference in the slope of the actual and ideal transfer functions and as
such corresponds to the same percentage error in each step. This error can also usually be adjusted to
zero by trimming.

In this design, gain error correction for ADC is shown in Section 6.3. For DAC gain correction, see
Section 6.5. A simple 2 point calibration was implemented to overcome the gain error as shown in
Section 6.5. Note that this is an example code of how to implement gain correction on the DAC. The gain
correction factor is stored in Figure 30. Customers can perform the DAC gain calibration measurement on
a given system by removing the #DAC_test and recompiling the firmware and then use SW 1 (see
Figure 55) which outputs 4 to 20 mA in 2-mA steps for each button push. Using these values, a new
DACErrorCorrection value as shown in Figure 30 can be determined. For a higher precision a gain error
correction using multiple points lookup can be implemented.

Figure 15. Gain Error

NOTE: In this reference design, the firmware implements the offset and gain calibration for ADC by
default. For DAC offset and gain calibration procedures described in Section 6.5 can be used
to implement such corrections.
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4.8 Power Design
The input voltage range for the temperature transmitter system is approximately 8 to 35 V. For this input
range, the desired output for the on board system power is approximately 3.3 V. An LDO that has a high
power-supply ripple rejection is required for a high precision design. A low junction-to-ambient thermal
resistance is also required to ensure that the extra unused energy from the input supply can dissipate
within the package of the LDO.

The TPS7A4901 device comes from a series of high-voltage, ultra-low noise LDOs that are ideal for
precision applications. A resistor divider at the LDO output sets the output voltage (VLDO_OUT) proportional
to the internal reference voltage of the LDO (VLDO_REF). For this device, VLDO_REF = 1.194 V. In order to set
VLDO_OUT to the desired 3.3 V, the resistor divider components are calculated in Equation 15.

where
• R1 = 21 kΩ
• R2 = 12 kΩ (15)

Figure 16. LDO Section

The TPS7A4901 device supports up to 36 V of input voltage and has an ultra-low noise of 15.4 µVRMS and
72 dB PSRR.

Equation 16 calculates the maximum power dissipation requirements for the TPS7A4901 device.
(VI – VO) × IO

where
• VI is 35 V, VO is 3.3 V, IO is approximately 24 mA (max) (16)

From Equation 16 the power dissipated in the LDO package is approximately 0.76W

The junction-to-ambient thermal resistance, θJA, of the TPS7A4901 device is 55.09°C/W (see
Equation 17).

θJA × Power Dissipation + TAmax < 150°C (TJmax) (17)

The maximum junction temperature before the TPS7A4901 device shuts down is 150°C. From
Equation 17, the worst case temperature of TPS7A4901 device is approximately 126°C assuming that
ambient temperature of 85°C. Therefore, a sufficient thermal-operating margin is available with the
TPS7A4901 device, even accounting for the worse case power dissipation.
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4.9 Reverse Polarity Protection
To protect the system from accidently connecting the power to ground and ground to power, reverse
polarity protection diodes are placed both in the path of Loop+ and Loop– as shown in Figure 17 and
Figure 18.

Figure 17. Reverse Polarity Diode at Loop–

Figure 18. Reverse Polarity Diode at Loop+
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4.10 Power Supply Sequencing
To ensure that the LDO can provide 3.3 V to the DAC before the loop power is applied to the DAC output,
the size of the capacitors is chosen such that:

(18)

Figure 19. Power Supply Sequencing
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4.11 IEC61000-4-2 and IEC61000-4-4 Protection
For IEC61000-4-2 and IEC61000-4-4 protection a TVS diode as well as a capacitor is placed as close as
possible to the input power connector J1. See Figure 20 for the schematic and corresponding layout.
Ensure that both the TVS and the capacitor are placed as close as possible to the input power connector
(J1) as shown in Figure 20. The TVS diode is mounted on the top side near the J1 connector. The shunt
capacitor is placed on the bottom side as close to the J1 connector as possible.

Figure 20. TVS and a Shunt Capacitor for IEC61000-4-2 and IEC61000-4-4 Protection

4.12 MSP430
The MSP430 device interfaces with ADC and DAC through SPI interface. SPI interface is shared between
the ADC and DAC. The MSP430 device interfaces to a PC COM port through the UART port. A USB to
UART dongle is required.

The MSP430 device records the raw ADC code from the ADS1220 device that corresponds to the
temperature reading, applies offset and gain calibration, converts the ADC code to a resistance value,
performs linear interpolation to overcome the non-linearity of the RTD, converts the given temperature
from the lookup table to the DAC current and after correcting for DAC gain and offset correction, and
applies that equivalent code corresponding to loop current to the DAC161S997 device through SPI. See
Section 5.4 for details.

NOTE: In this reference design, the firmware implements the offset and gain calibration for ADC by
default. For DAC offset and gain calibration procedures described in Section 6.5 can be used
to implement such corrections.
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4.13 Complete System Theory
• The input-voltage range of 10 to 35 V converts to 3.3 V through an LDO, the TPS7A4901 device.
• The system has protection for IEC61000-4-2 and IEC61000-4-4 for input power (loop power) as well as

reverse polarity protection incorporated.
• The ADS1220 device is a 24-bit sigma delta ADC that interfaces with RTD probes and converts

resistance measurement to a raw ADC code.
• The MSP430 device records the raw ADC code from ADS1220 that corresponds to the temperature

reading, applies offset and gain calibration, converts the ADC code to a resistance value, performs
linear interpolation to overcome the non-linearity of the RTD.

• The MSP430 device converts the given temperature from the lookup table to the DAC equivalent
current code. The DAC offset and gain calibration can be applied at this step.

• The MSP430 device uses the same SPI interface to interface both to the ADS1220 device and the
DAC161S997 device.

NOTE: The MSP430 device shares the same SPI between the ADS1220 device and the
DAC161S997 device. External buffering is not required because both of TI's devices, the
ADS1220 device and the DAC161S997 device, go hi-Z when not addressed.

NOTE: The system design requirements listed in Section 2 were met as described in Section 4.
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5 Getting Started

5.1 Hardware Overview

Figure 21. System Hardware Description

5.2 Getting Started Steps

1. A power supply with 20 to 24-V (typical) range can power the system as shown in Figure 22.
2. The current-limit of the power supply is set to 40 mA as recommended. 24 mA is the theoretical

maximum that the system should draw from the power supply.
3. Connect a precision multimeter in series with the power supply as shown in Figure 22. A 6.5-digit

precision multimeter is recommended as shown in Figure 22.

Figure 22. Power Supply and Multimeter Connected in Series
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NOTE: For basic functionality testing, a 6.5-digit multimeter is sufficient. For DAC characterization, a
8.5-digit multimeter is recommended

4. If there is no firmware loaded into the MSP430 flash the default current consumed by the system is
approximately 3.37 mA. This consumed current does not reflect the power consumed by the system.
The consumed current reflects the error low condition as indicated by the DAC161S997 as shown in
Figure 23.
space

PARAMETER CONDITION MIN TYP MAX UNIT
IERRL LOW ERROR current ERR_LOW = default 3.36 3.375 3.39 mA
IERRH HIGH ERROR current ERR_HIGH = default 21.7 21.75 21.82 mA

Figure 23. Default Current Drawn by the System When the Firmware is Not Programmed

5. Figure 24 shows the basic setup to program the system. Note that a USB to UART dongle is needed to
program the system. A capacitor is connected to the input power-supply terminals primarily for ease of
power supply lead connectivity. If the capacitors are polarized then reverse polarity can damage these
capacitors. A precision resistor (0.01%) connected to the RTD inputs emulate a 2-wire RTD connection
(jumpers J5 and J7 are installed). For programming setup Jumpers J4, J10, and J11 are installed.
These jumpers ensure that the connectivity from the MSP430 programming pins is available and that
the PC GND is shorted to the system ground (see Figure 55).

Figure 24. System Hardware Setup for MSP430 Firmware programming
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6. Figure 27 shows the basic setup in functional mode. Note that the jumpers J4, J10, and J11 are not
required. UART pins between the PC and the MSP430 device are isolated through ISO7421 see
Figure 25, which ensures that the PC GND does not interfere with the system or the loop ground. In
this setup, the connection is a 3-wire RTD and therefore J7 is installed and J5 is not installed as listed
in Figure 27

NOTE: The load switch in this design can turn off the isolation section as needed by the end
application (see Figure 26).

Figure 25. Digital Isolation for UART

Figure 26. Load Switch to Turn Off and On Isolation

Figure 27. Basic Setup
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5.3 Support for 2-Wire, 3-Wire, and 4-Wire RTD
The system supports both 2-wire, 3-wire, and 4-wire RTD. Table 2 lists the jumper configurations as
shown in Figure 28.

Figure 28. 2-Wire, 3-Wire, and 4-Wire RTD Support Shown on the Bottom Silkscreen

Table 2. 2-Wire, 3-Wire, and 4-Wire RTD Support
CONNECTORS

SETUP RTD LOCATION
INSTALLED NOT INSTALLED

2 wire J5 and J7 2-wire RTD is installed between pins 2 and 3 of J3
3 wire J7 J5 3-wire RTD is installed between pins 1, 2, and 3 of J3
4 wire J5 and J7 4-wire RTD is installed between pins 1, 2, 3, and 4 of J3
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5.4 Firmware
For MSP430 Firmware updates, code composer is recommended. Also a USB-to-UART dongle is required
as shown in Figure 24. For programming setup, jumpers J4, J10, and J11 are installed. These jumpers
ensure that the connectivity from the MSP430 programming pins is available as well as the PC GND is
shorted to the system ground (see Figure 55).

Figure 29. Firmware Project Files

Figure 30. Key Variables

The key variables, such as RREF, the reference resistor for the ADC, the DAC gain-calibration factor, or the
ADC gain factor are brought out as variables (see Section 4.7, Section 6.3, and Section 6.5).
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Figure 31. ADC-Offset Calibration Routine

Section 4.6 shows the ADC-offset calibration as implemented in this firmware.

Figure 32. Lookup Table for Linear Interpolation

This lookup table is stored in the MSP430 Firmware for the linear interpolation to address the non-linearity
of the RTD as shown in the Section 4.2.
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Figure 33. Algorithm for Linear Interpolation

The algorithm for the linear interpolation addresses the non-linearity of the RTD as shown in Section 4.2.

Figure 34. Convert ADC Code to Resistance

The code in Figure 34 converts the ADC code, after offset and gain calibration, to resistance.
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Figure 35. Convert Temperature to DAC current

The code in Figure 35 converts the temperature to DAC current.
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6 Test Data

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

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

6.1 Overview
As the overall system performance is governed by the ADC accuracy, DAC accuracy, and resolution.
Section 6.2 characterizes the ADC for both resolution and error (adjusted for offset and gain calibration).
The DAC is then characterized for both resolution and error (adjusted for offset and gain calibration).
Finally, a full-system characterization is performed for maximum measured error of the complete system.

6.2 ADC Input Referred Noise
Approximately 1000 raw ADC values are captured by the MSP430 device. To capture these values, the
MSP430 device communicates to a COM Port through the USB to UART dongle as shown in Figure 36
(see step 5 in the Getting Started Steps section for more information). A precision resistor of 300 Ω is
connected to the RTD as shown in Figure 36.

Figure 36. Input Referred Noise Measurement Setup

Figure 37 shows the plotted raw ADC values without any offset calibration or gain calibration.

The standard deviation is approximately 43 codes and the spread of the codes, MAX(code) to
MIN(code), is approximately 239.

here
• VREF = 1.62 V
• PGA gain = 16, note that the sample rate is 20 SPS (19)

space

(20)

(21)

32 RTD Temperature Transmitter for 2-Wire, 4 to 20-mA Current Loop Systems TIDU182A–December 2013–Revised February 2014
Submit Documentation Feedback

Copyright © 2013–2014, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU182A


Power
Supply

System
Under

Test

Precision
Resistors

8.5 digit
multimeter

6.5 digit
multimeter

0 

2 

4 

6 

8 

10 

12 

14 

62
05

66
8 

62
05

67
3 

62
05

67
8 

62
05

68
3 

62
05

68
8 

62
05

69
3 

62
05

69
8 

62
05

70
3 

62
05

70
8 

62
05

71
3 

62
05

71
8 

62
05

72
3 

62
05

72
8 

62
05

73
3 

62
05

73
8 

62
05

74
3 

62
05

74
8 

62
05

75
3 

62
05

75
8 

62
05

76
3 

62
05

76
8 

62
05

77
3 

62
05

77
8 

62
05

78
3 

62
05

78
8 

62
05

79
3 

62
05

79
8 

62
05

80
3 

62
05

80
8 

62
05

81
3 

62
05

81
8 

62
05

82
3 

62
05

82
8 

62
05

83
3 

62
05

83
8 

62
05

84
3 

62
05

84
8 

62
05

85
3 

62
05

85
8 

62
05

86
3 

62
05

86
8 

62
05

87
3 

62
05

87
8 

62
05

88
3 

62
05

88
8 

62
05

89
3 

62
05

89
8 

62
05

90
3 

H
is

to
gr

am
 C

ou
nt

 

Raw ADC Values 

Raw ADC Code Distribution 

C001 

www.ti.com Test Data

Figure 37. Raw ADC Code Distribution

6.3 ADS1220 Error Characterization Including Offset and Gain Calibration
As shown in Figure 38, the following equipment was used in this test setup.
• A power supply provides 24 V (current-limit set to 40 mA).
• A precision 6.5-digit multimeter in series to the power supply measures loop current.
• Another 8.5 digit precision multimeter precisely measures the precision resistors used in this test.
• For this test, precision resistors with a 0.01% tolerance were used to emulate the RTD probes (see

Figure 39).

Figure 38. Setup for ADC Characterization
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Figure 39. Precision Resistors 0.01% Tolerance Used for ADC Characterization

• In the typical data collection for this test, a precision resistor (for example 20 Ω) is connected to RTD
inputs 1 and 3 of the J3 connector with jumpers J5 and J7 shorted (see Figure 38).

• The MSP430 device collects the RAW ADC value, applies offset calibration (one time) see Section 4.6,
and collects the ADC value including the offset calibration. These values are sent to to a
communication (COM) port on the PC through the USB to UART dongle.

• Once the data is measured, the precision resistor is immediately measured with the 8.5-digit precision
multimeter (see Figure 40).

NOTE: To ensure that the resistance measurement is not altered by human contact, tongs were
used to remove the precision resistor from the J3 connector and immediately connect to the
Kelvin probes of the 8.5-digit multimeter.

• Gain calibration occurs (see Section 4.7) by connecting a 380-Ω resistor (correspond to approximately
814°C) to the RTD inputs, pin 1 and pin 3. The measured ADC value after offset correction is
compared with the ideal expected ADC value based on the 8.5-digit multimeter measurement of the
380-Ω resistor. Finally, this gain calibration factor is applied to all the resistor measurements across the
temperature range (see Table 4).

NOTE: Gain Calibration for ADC The MSP430 Firmware algorithm averages a given number of
measurements with offset correction applied to an expected result with a 380-Ω resistor
connected to determine the gain calibration factor.

To execute the algorithm, SW2 (see Figure 55) must be pressed with a 380-Ω resistor in
place.

If there is no previously stored gain calibration factor, a new one will be determined and
stored in flash.

To overwrite an existing gain calibration factor value, the first 4 bytes of InfoC memory in the
MSP430 must be set to 0xFF.

Figure 40. Precision Resistors and an 8.5-digit Multimeter
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Table 3. Precision Resistors Corresponding Temperature Values
Reference Temperature Based on Measured PrecisionPrecision Resistor Value as Measured by 8.5-digit Resistor, Calculated With Callendar-Van Dusen EquationsMultimeter (Ω) (see Section 4.2)

20.0007 –196.570346
40.0014 –149.332074
59.9921 –100.650615
79.9980 –50.776173
100.0024 0.00614
119.9960 51.555661
139.9950 103.92953
159.9918 157.147496
180.0046 211.301704
200.0006 266.349859
219.9999 322.397013
239.9789 379.431081
259.9875 437.656
280.0035 497.077256
300.0007 557.690044
329.9275 650.910269
359.9782 747.831551
379.9108 814.135104

Table 4. Raw ADC Code, ADC Code After Gain and Offset Calibration
ADC Code After Offset Calibration ADC Code After Offset and GainRaw ADC Code (DEC) (DEC) Calibration (DEC)

413631 413758 414150
827425 827552 828336
1241010 1241137 1242314
1654817 1654944 1656513
2068676 2068803 2070765
2482330 2482457 2484811
2896130 2896257 2899003
3309865 3309992 3313131
3723824 3723951 3727482
4137619 4137746 4141670
4551351 4551478 4555794
4964771 4964898 4969606
5378777 5378904 5384005
5792921 5793048 5798542
6206693 6206820 6212706
6826873 6827000 6833474
7447941 7448068 7455131
7861347 7861474 7868929
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Table 5. ADC Error After Gain and Offset Calibration
Reference Temperature

RTD calculation Based on Temperature Reading Based on Measured
ADC Code After Gain and running Linearization After Precision Resistor, Measured Error of the ADCOffset Calibration (Ω) Offset & Gain Calibration (°C) Calculated with Callendar-

(see Figure 34) (see Figure 32 and Figure 33) Van Dusen Equations
(see Section 4.2)

19.99506593 –196.5848571 –196.570346 0.01451
39.99186993 –149.3556911 –149.332074 0.02362
59.97863173 –100.684719 –100.650615 0.03410
79.97606337 –50.82998014 –50.776173 0.05381
99.97605383 –0.06062601 0.00614 0.06677
119.9660987 51.47993397 51.555661 0.07573
139.9631923 103.8452168 103.92953 0.08431
159.9571961 157.0532523 157.147496 0.09424
179.9619663 211.1874151 211.301704 0.11429
199.9588668 266.2337681 266.349859 0.11609
219.9526775 322.2618586 322.397013 0.13515
239.9314248 379.2930855 379.431081 0.13800
259.9385124 437.5102093 437.656 0.14579
279.9522626 496.9460531 497.077256 0.13120
299.9480045 557.5494406 557.690044 0.14060
329.9185395 650.9059074 650.910269 0.00436
359.9319953 747.7075864 747.831551 0.12396
379.9100667 814.1344287 814.135104 0.00068

Figure 41. Measured ADC Error

NOTE: The measured ADC error is after gain and offset calibration. The measured ADC error
includes the error associated with the linear interpolation of the lookup table that is used to
overcome the non-linearity of RTD (see Section 4.2).
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6.4 Output Resolution
For this test, the DAC output was programmed for 4 mA and multiple values were recorded over time
using an 8.5-digit multimeter as shown in Figure 42. The minimum and maximum currents recorded were
3.99754 and 3.99779 mA (respectively) and thus the output resolution was 0.25 µA.

Figure 42. Output Resolution

6.5 DAC Characterization
In this setup, an 8.5-digit multimeter was used as shown in Figure 43. The MSP430 was programmed at
fixed 4, 6, 8, 10, 12, 14, 16, 18, and 20 mA to the DAC and the corresponding loop current was measured
using an 8.5-digit multimeter.

Figure 43. DAC Characterization Setup

Table 6. DAC Current With and Without Gain Calibration
DAC Value Applied (mA) Loop Current Measured (mA)

Before Gain Calibration After Gain Calibration
4 4.00126 3.99901
6 6.00200 5.99873
8 8.00285 7.99875
10 10.00372 9.99857
12 12.00464 11.99832
14 14.00577 13.99823
16 16.00685 15.99861
18 18.00798 17.99862
20 20.00948 19.99901
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Figure 44. DAC Gain and Offset Calibration

As shown in Figure 44, without gain calibration an error is seen in the loop current. This error increases
linearly with loop current. A simple gain calibration (see Section 4.7) implemented in the MSP430 fixes this
error as shown in Figure 44. to increase DAC accuracy, the MSP430 MCU can also further reduce the
remaining error which is offset in nature.

For reference, the distribution of the precision resistor connected to RTD input terminals versus the
corresponding ideal loop current forced by the DAC is listed in Table 7.

Table 7. Ideal DAC Loop Current Versus Temperature Range
Reference Temperature Based on Measured Precision Ideal DAC Value based on precision resistor (mA)Resistor

–196.570346 4.05226
–149.332074 4.77208
–100.650615 5.51390
–50.776173 6.27389

0.00614 7.04771
51.555661 7.83323
103.92953 8.63131
157.147496 9.44225
211.301704 10.26745
266.349859 11.10628
322.397013 11.96034
379.431081 12.82943

437.656 13.71666
497.077256 14.62213
557.690044 15.54575
650.910269 16.96625
747.831551 18.44315
814.135104 19.45349
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Figure 45. Ideal DAC Loop Current vs Temperature Range

6.6 Complete System Maximum Measured Error
After correcting the ADC and the DAC for gain and offset calibration, a complete system characterization
was performed for maximum measured error (see Figure 46). In this setup, a power supply and 8.5-digit
multimeter was used for loop current measurement. As shown in Figure 45, multiple precision resistor
values covering –200°C to 850°C similar to those used in Figure 39.

Figure 46. Complete System Characterization Setup
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Table 8. Maximum Measured Error of the System
Reference Temperature Based on Ideal DAC Value based on precision Measured Loop Current Value of the

Measured Precision Resistor resistor (mA) System (mA)
–196.570346 4.05226 4.05162
–149.332074 4.77208 4.7715
–100.650615 5.51390 5.51305
–50.776173 6.27389 6.27267

0.00614 7.04771 7.04624
51.555661 7.83323 7.83152
103.92953 8.63131 8.63004
157.147496 9.44225 9.44087
211.301704 10.26745 10.26577
266.349859 11.10628 11.10424
322.397013 11.96034 11.95823
379.431081 12.82943 12.82701

437.656 13.71666 13.71394
497.077256 14.62213 14.62009
557.690044 15.54575 15.54366
650.910269 16.96625 16.96715
747.831551 18.44315 18.44242
814.135104 19.45349 19.45557

Figure 47. Maximum Measured Error of the Complete System Across –200°C to 850°C

Figure 48. Maximum Measured Error of the Complete System Across –200°C to 200°C
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6.7 Power Supply Influence
For the power-supply influence test, the power supply was vetted from 10 V to 30 V and the
corresponding loop-current change was recorded. A 100-Ω precision resistor was connected to the RTD
inputs for this measurement (see Figure 46). The total deviation of loop current across the power supply
range was less than 0.30 µA.

6.8 Reverse Polarity Test
For the reverse polarity test, the power leads are connected to J1 without any polarized capacitor as
shown in Figure 49.

Figure 49. Reverse Polarity Test Setup

Figure 50. Reverse Polarity Setup With Correct Polarity

By default, an unprogrammed system draws 3.37 mA.
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Figure 51. Reverse Polarity Measurement With Inverted Polarity

The leakage current of the system is only approximately 2 µA with reverse polarity applied.

6.9 Loop Power Consumption
The total loop power consumed by the design is 1.435 mA. Table 9 lists the total current consumed by
each device.

Table 9. Loop Power Consumption
DEVICE CURRENT
ADS1220 340 µA + 75 µA + 500 µA (biasing currents) = 915 µA (PGA 16, normal mode, sample rate of 20 SPS)

DAC161S997 100 µA
MSP430G2513 360 µA (Active Mode Current at 1 MHz, 3.3 V))

TPS7A4901 60 µA

For a loop powered system, having a low power consumption of approximately 1.4 mA ensures that the
remainder of the budget (approximately [3.3 mA – 1.4 mA] = approximately 1.9 mA) can be used for
system-level functions such as HART modem implementation.
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6.10 IEC 61000-4-4 and IEC61000-4-2 Protection

Figure 52. IEC61000-4-4 EFT Setup Figure 53. IEC61000-4-2 ESD Setup

For both IEC61000-4-4 and IEC61000-4-2 tests, the system was powered and loop current was measured
before, during, and after the strike. In both the tests, the maximum deviation of the loop current measured
was less than 3.5 µA which corresponds to 0.21°C (see Figure 47).

NOTE: IEC61000 tests were only performed on loop power inputs or the J1 connector.

Table 10. IEC61000 Test Data
IEC61000 TEST RESULTS

IEC61000-4-2, ESD: Horizontal Coupling Plane. Vertical Coupling Plane: ±4 kV — Class A
IEC ESD on Loop Power

IEC61000-4-2, ESD: Air Discharge: ±8 kV — Class A
IEC EFT on Loop Power IEC61000-4-4: EFT ±2 kV — Class A
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7 Schematics

Figure 54. ADS1220, DAC161S997, Power Section
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Figure 55. MSP430 Section
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8 Bill of Materials
To download the bill of materials (BOM) for each board, see the design files at www.ti.com/tool/TIDA-0095. Table 11 lists the BOM.

Table 11. BOM

Designator Quantity Value Description PackageReference PartNumber Manufacturer
!PCB1 1 Printed Circuit Board SAT0046 Any
C1, C2, C14, C15, C17, 8 0.1 µF CAP, CERM, 0.1 µF, 16 V, ±10%, X7R, 0603 0603 C0603X104K4RACTU Kemet
C21, C24, C25
C3 1 0.33 µF CAP, CERM, 0.33 µF, 50 V, ±10%, X7R, 1206 1206 12065C334KAT2A AVX
C4, C6, C10 3 0.01 µF CAP, CERM, 0.01 µF, 50 V, ±5%, X7R, 0603 0603 C0603C103J5RACTU Kemet
C5 1 10 µF CAP, CERM, 10 µF, 16 V, ±10%, X7R, 1206 1206 GRM31CR71C106KAC7 MuRata

L
C7, C9 2 1800 pF CAP CER 1800PF 100 V 10% X7R 0603 eg: 0603, used in PnP Used in BOM report Used in BOM report

report
C8 1 0.018 µF CAP, CERM, 0.018 µF, 100 V, ±10%, X7R, 0603 0603 C0603C183K1RACTU Kemet
C11 1 0.39 µF CAP, CERM, 0.39 µF, 50V, ±10%, X7R, 1206 1206 GRM31MR71H394KA01 MuRata

L
C12 1 0.22 µF CAP, CERM, 0.22 µF, 50V, ±5%, X7R, 1206 1206 C1206C224J5RACTU Kemet
C13 1 6800 pF CAP, CERM, 6800pF, 50V, ±5%, X7R, 0603 0603 C0603C682J5RACTU Kemet
C16 1 1000 pF CAP, CERM, 1000pF, 50V, ±5%, X7R, 0603 0603 C0603C102J5RACTU Kemet
C18 1 0.027 µF CAP, CERM, 0.027 µF, 100V, ±10%, X7R, 0603 0603 C0603C273K1RACTU Kemet
C19, C20 2 2700 pF CAP CER 2700PF 100V 10% X7R 0603 eg: 0603, used in PnP Used in BOM report Used in BOM report

report
C22, C26 2 10 µF CAP, CERM, 10 µF, 50V, ±10%, X7R, 1210 1210 GRM32ER71H106KA12 MuRata

L
C23 1 0.01 µF CAP, CERM, 0.01 µF, 100V, ±10%, X7R, 0603 0603 C1608X7R2A103K TDK
D1, D3, D4, D9 4 0.65 V Diode, Schottky, 40V, 0.35A, SOD-523 SOD-523 ZHCS350TA Diodes Inc.
D2 1 3.9 V Diode, Zener, 3.9V, 500mW, SOD-123 SOD-123 MMSZ4686T1G ON Semiconductor
D5, D6, D7, D8 4 ESD in 0402 Package with 10 pF Capacitance and 6 DPY0002A TPD1E10B06DPYR Texas Instruments

V Breakdown, 1 Channel, –40°C to 125°C, 2-pin
X2SON (DPY), Green (RoHS and no Sb/Br)

FID1, FID2, FID3, FID4, 6 Fiducial mark. There is nothing to buy or mount. Fiducial N/A N/A
FID5, FID6
H1, H2, H3 3 Bumpon, Cylindrical, 0.312 X 0.200, Black Black Bumpon SJ61A1 3M
J1 1 Terminal Block, 6A, 3.5mm Pitch, 2-Pos, TH 7.0x8.2x6.5mm ED555/2DS On-Shore Technology
J2 1 Receptacle, 50mil, 6x1, R/A, TH Receptacle, 6x1, 50mil 851-43-006-20-001000 Mill-Max

pitch, R/A
J3 1 Terminal Block, 6A, 3.5mm Pitch, 4-Pos, TH 14x8.2x6.5mm ED555/4DS On-Shore Technology
J4, J5, J7, J10, J11 5 Header, 2mm, 2x1, Tin, TH Header, 2mm, 2x1 TMM-102-01-T-S Samtec
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Table 11. BOM (continued)
Designator Quantity Value Description PackageReference PartNumber Manufacturer
J6, J8 2 Header, TH, 100mil, 1pos, Gold plated, 230 mil above Testpoint TSW-101-07-G-S Samtec

insulator
Q1 1 0.2 V Transistor, NPN, 40V, 0.2A, SOT-23 SOT-23 MMBT3904 Fairchild Semiconductor
R1, R2, R5, R8, R12, 19 0 RES, 0 ohm, 5%, 0.063W, 0402 0402 CRCW04020000Z0ED Vishay-Dale
R13, R14, R15, R22,
R23, R24, R25, R26,
R29, R31, R32, R33,
R34, R36
R3, R6, R10, R16, R17, 7 100k RES, 100 kΩ, 0.1%, 0.1W, 0603 0603 RT0603BRD07100KL Yageo America
R18, R39
R4 1 47.5k RES, 47.5 kΩ, 0.1%, 0.1W, 0603 0603 RG1608P-4752-B-T5 Susumu Co Ltd
R7 1 21.0k RES, 21.0 kΩ, 1%, 0.1W, 0603 0603 RC0603FR-0721KL Yageo America
R11 1 12.0k RES, 12.0 kΩ, 1%, 0.1W, 0603 0603 RC0603FR-0712KL Yageo America
R19, R21, R35, R37 4 4.12k RES 4.12 kΩ 1/4W .1% 1206 SMD 1206 (3216 Metric) ERA-8AEB4121V Panasonic Electronic

Components
R20 1 3.24 kΩ Thin Film Resistors - SMD 3.24K .1% 10ppm 1206 (3216 metric) PFC-W1206R-12-3241- IRC / TT electronics

B
R27 1 0.0 RES 0.0 OHM 1/10W JUMP 0603 SMD 0603 (1608 Metric) ERJ-3GEY0R00V Panasonic Electronic

Components
R28 1 20.0 RES, 20.0 ohm, 1%, 0.1W, 0603 0603 CRCW060320R0FKEA Vishay-Dale
R30 1 10k RES, xxx ohm, x%, xW, [PackageReference] 0402 (1005 Metric) CRCW040210K0FKEDH Vishay Dale

P
R38 1 200 RES, 200 ohm, 0.5%, 0.1W, 0603 0603 RT0603DRE07200RL Yageo America
SMAJ1 1 DIODE TVS 36V 400W BI 5% SMD DO-214AC, SMA SMAJ36CA Bourns Inc.
SW1, SW2 2 SWITCH TACTILE SPST-NO 0.05A 32V KSC222J LFS C&K Components
U2 1 IC MCU 16BIT 16KB FLASH 32QFN 32-VFQFN Exposed Pad MSP430G2513IRHB32R Texas Instruments
U4 1 +36V, +150mA, Ultralow-Noise, Positive LINEAR DGN0008D TPS7A4901DGN Texas Instruments

REGULATOR, DGN0008D
U5 1 50 Mbps Low-Power Dual Channels Digital Isolator, D0008A ISO7421ED Texas Instruments

3.3 V / 5 V, -40 to +125 degC, 8-pin SOIC (D), Green
(RoHS and no Sb/Br)

U6 1 IC SWITCH SPDT SOT23-6 TS5A3160DBVR Texas Instruments
U7 1 Low-Power, Low-Noise, 24-Bit, Analog-to-Digital ADS1220IRVAR Texas Instrumetns

Converter for Small-Signal Sensors
U8 1 IC DAC 16BIT SPI/SRL 16WQFN 16-WFQFN Exposed DAC161S997RGHR Texas Instruments

Pad
Y1 1 Crystal, 32.768kHz, 12.5pF, SMD 2-SMD NX3215SA-32.768K- NDK

STD-MUS-2
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9 Layer Plots
To download the layer plots for each board, see the design files at www.ti.com/tool/TIDA-0095. Figure 56
shows the layer plots.

Figure 56. Layer Plot
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10 Altium Project
To download the Altium project files for each board, see the design files at www.ti.com/tool/TIDA-0095.
Figure 57, Figure 58, Figure 59, Figure 60, and Figure 61 show the layout.

Figure 57. All Layers Figure 58. Bottom Layer

Figure 59. Ground Layer Figure 60. Inner Layer

Figure 61. Top Layer
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11 Layout Guidelines

Figure 62. Via Stitching

To ensure high performance analog design, the ADS1220 device and the RTD inputs are isolated from the
rest of the design through extensive ground via stitching. Any unused planes were stitched with ground
vias as well.

Figure 63. MSP430 and LDO With Respect to Analog Section

The MSP430 MCU and the LDO were placed as far as possible away from the ADS1220 device with no
digital routes in the ADS1220 section.
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Figure 64. RTD Inputs

RTD inputs were routed without any vias other than the through-hole jumpers.

Figure 65. ADS1220 Section

No digital routes in the ADS1220 section.
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12 Gerber Files
To download the Gerber files for each board, see the design files at www.ti.com/tool/TIDA-0095.

Figure 66. Fab Drawing
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13 Assembly Drawings
To download the assembly drawings for the reference design, see the design files at
www.ti.com/tool/TIDA-0095..

Figure 67. Assembly Drawings

14 Software Files
To download the software files for the reference design, see the design files at www.ti.com/tool/TIDA-
0095.

15 References
For additional references, see the following:
1. Application Report, RTD Ratiometric Measurements and Filtering Using the ADS1148 and ADS1248

Family of Devices, SBAA201
2. TI Precision Design Guide, 0-1A, Single-Supply, Low-Side, Current Sensing Solution, TIDU040
3. TI Precision Design Guide, Hardware-Compensated Ratiometric 3-Wire RTD System, 0°C – 100°C,

0.005°C Error, TIDU045
4. ADS1220 Data Sheet, SBAS501
5. DAC161S997 Data Sheet, SNAS621
6. MSP430G2513 Data Sheet, SLAS735
7. TPS7A4901 Data Sheet, SBVS121

16 About the Author
AJINDER PAL SINGH is a Systems Architect at Texas Instruments where he is responsible for
developing reference design solutions for the industrial segment. Ajinder brings to this role his extensive
experience in high-speed digital, low-noise analog and RF system-level design expertise. Ajinder earned
his Master of Science in Electrical Engineering (MSEE) from Texas Tech University in Lubbock, TX.
Ajinder is a member of the Institute of Electrical and Electronics Engineers (IEEE).

53TIDU182A–December 2013–Revised February 2014 RTD Temperature Transmitter for 2-Wire, 4 to 20-mA Current Loop Systems
Submit Documentation Feedback

Copyright © 2013–2014, Texas Instruments Incorporated

http://www.ti.com
http://www.ti.com/tool/TIDA-0095
http://www.ti.com/tool/TIDA-0095
http://www.ti.com/tool/TIDA-0095
http://www.ti.com/lit/pdf/SBAA201
http://www.ti.com/lit/pdf/TIDU040
http://www.ti.com/lit/pdf/TIDU045
http://www.ti.com/lit/pdf/SBAS501
http://www.ti.com/lit/pdf/SNAS621
http://www.ti.com/lit/pdf/SLAS735
http://www.ti.com/lit/pdf/SBVS121
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU182A


Revision History www.ti.com

Revision History

Changes from Original (January 2014) to A Revision .................................................................................................... Page

• Changed schematic in Figure 16 for board revision to E4 ........................................................................ 19
• Changed schematic in Figure 17 for board revision to E4 ........................................................................ 20
• Changed schematic in Figure 18 for board revision to E4 ........................................................................ 20
• Added the Power Supply Sequencing section and schematic image showing capacitors C3, C22, and C26 ............. 21
• Changed schematic and board layout in Figure 20 for board revision to E4 ................................................... 22
• Changed schematic images Figure 54 and Figure 55 for board revision to E4 ................................................ 44
• Changed BOM in Table 11 for board revision to E4 ............................................................................... 46
• Changed layer plot images in Figure 56 for board revision to E4. Added two new layer plot images. ...................... 48
• Changed Altium layout images in Figure 57, Figure 58, Figure 59, Figure 60, and Figure 61 for board revision to E4 .. 49
• Changed the fab drawing in Figure 66 for board revision to E4 .................................................................. 52
• Added the assembly drawings in Figure 67 for board revision to E4 ............................................................ 53
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EVALUATION BOARD/KIT/MODULE (EVM) ADDITIONAL TERMS
Texas Instruments (TI) provides the enclosed Evaluation Board/Kit/Module (EVM) under the following conditions:
The user assumes all responsibility and liability for proper and safe handling of the goods. Further, the user indemnifies TI from all claims
arising from the handling or use of the goods.
Should this evaluation board/kit not meet the specifications indicated in the User’s Guide, the board/kit may be returned within 30 days from
the date of delivery for a full refund. THE FOREGOING LIMITED WARRANTY IS THE EXCLUSIVE WARRANTY MADE BY SELLER TO
BUYER AND IS IN LIEU OF ALL OTHER WARRANTIES, EXPRESSED, IMPLIED, OR STATUTORY, INCLUDING ANY WARRANTY OF
MERCHANTABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE. EXCEPT TO THE EXTENT OF THE INDEMNITY SET FORTH
ABOVE, NEITHER PARTY SHALL BE LIABLE TO THE OTHER FOR ANY INDIRECT, SPECIAL, INCIDENTAL, OR CONSEQUENTIAL
DAMAGES.
Please read the User's Guide and, specifically, the Warnings and Restrictions notice in the User's Guide prior to handling the product. This
notice contains important safety information about temperatures and voltages. For additional information on TI's environmental and/or safety
programs, please visit www.ti.com/esh or contact TI.
No license is granted under any patent right or other intellectual property right of TI covering or relating to any machine, process, or
combination in which such TI products or services might be or are used. TI currently deals with a variety of customers for products, and
therefore our arrangement with the user is not exclusive. TI assumes no liability for applications assistance, customer product design,
software performance, or infringement of patents or services described herein.

REGULATORY COMPLIANCE INFORMATION
As noted in the EVM User’s Guide and/or EVM itself, this EVM and/or accompanying hardware may or may not be subject to the Federal
Communications Commission (FCC) and Industry Canada (IC) rules.
For EVMs not subject to the above rules, this evaluation board/kit/module is intended for use for ENGINEERING DEVELOPMENT,
DEMONSTRATION OR EVALUATION PURPOSES ONLY and is not considered by TI to be a finished end product fit for general consumer
use. It generates, uses, and can radiate radio frequency energy and has not been tested for compliance with the limits of computing
devices pursuant to part 15 of FCC or ICES-003 rules, which are designed to provide reasonable protection against radio frequency
interference. Operation of the equipment may cause interference with radio communications, in which case the user at his own expense will
be required to take whatever measures may be required to correct this interference.
General Statement for EVMs including a radio
User Power/Frequency Use Obligations: This radio is intended for development/professional use only in legally allocated frequency and
power limits. Any use of radio frequencies and/or power availability of this EVM and its development application(s) must comply with local
laws governing radio spectrum allocation and power limits for this evaluation module. It is the user’s sole responsibility to only operate this
radio in legally acceptable frequency space and within legally mandated power limitations. Any exceptions to this are strictly prohibited and
unauthorized by Texas Instruments unless user has obtained appropriate experimental/development licenses from local regulatory
authorities, which is responsibility of user including its acceptable authorization.

For EVMs annotated as FCC – FEDERAL COMMUNICATIONS COMMISSION Part 15 Compliant

Caution
This device complies with part 15 of the FCC Rules. Operation is subject to the following two conditions: (1) This device may not cause
harmful interference, and (2) this device must accept any interference received, including interference that may cause undesired operation.
Changes or modifications not expressly approved by the party responsible for compliance could void the user's authority to operate the
equipment.

FCC Interference Statement for Class A EVM devices
This equipment has been tested and found to comply with the limits for a Class A digital device, pursuant to part 15 of the FCC Rules.
These limits are designed to provide reasonable protection against harmful interference when the equipment is operated in a commercial
environment. This equipment generates, uses, and can radiate radio frequency energy and, if not installed and used in accordance with the
instruction manual, may cause harmful interference to radio communications. Operation of this equipment in a residential area is likely to
cause harmful interference in which case the user will be required to correct the interference at his own expense.

http://www.ti.com/corp/docs/csr/environment/ESHPolicyandPrinciples.shtml


FCC Interference Statement for Class B EVM devices
This equipment has been tested and found to comply with the limits for a Class B digital device, pursuant to part 15 of the FCC Rules.
These limits are designed to provide reasonable protection against harmful interference in a residential installation. This equipment
generates, uses and can radiate radio frequency energy and, if not installed and used in accordance with the instructions, may cause
harmful interference to radio communications. However, there is no guarantee that interference will not occur in a particular installation. If
this equipment does cause harmful interference to radio or television reception, which can be determined by turning the equipment off and
on, the user is encouraged to try to correct the interference by one or more of the following measures:

• Reorient or relocate the receiving antenna.
• Increase the separation between the equipment and receiver.
• Connect the equipment into an outlet on a circuit different from that to which the receiver is connected.
• Consult the dealer or an experienced radio/TV technician for help.

For EVMs annotated as IC – INDUSTRY CANADA Compliant

This Class A or B digital apparatus complies with Canadian ICES-003.
Changes or modifications not expressly approved by the party responsible for compliance could void the user’s authority to operate the
equipment.

Concerning EVMs including radio transmitters

This device complies with Industry Canada licence-exempt RSS standard(s). Operation is subject to the following two conditions: (1) this
device may not cause interference, and (2) this device must accept any interference, including interference that may cause undesired
operation of the device.

Concerning EVMs including detachable antennas
Under Industry Canada regulations, this radio transmitter may only operate using an antenna of a type and maximum (or lesser) gain
approved for the transmitter by Industry Canada. To reduce potential radio interference to other users, the antenna type and its gain should
be so chosen that the equivalent isotropically radiated power (e.i.r.p.) is not more than that necessary for successful communication.

This radio transmitter has been approved by Industry Canada to operate with the antenna types listed in the user guide with the maximum
permissible gain and required antenna impedance for each antenna type indicated. Antenna types not included in this list, having a gain
greater than the maximum gain indicated for that type, are strictly prohibited for use with this device.

Cet appareil numérique de la classe A ou B est conforme à la norme NMB-003 du Canada.

Les changements ou les modifications pas expressément approuvés par la partie responsable de la conformité ont pu vider l’autorité de
l'utilisateur pour actionner l'équipement.

Concernant les EVMs avec appareils radio

Le présent appareil est conforme aux CNR d'Industrie Canada applicables aux appareils radio exempts de licence. L'exploitation est
autorisée aux deux conditions suivantes : (1) l'appareil ne doit pas produire de brouillage, et (2) l'utilisateur de l'appareil doit accepter tout
brouillage radioélectrique subi, même si le brouillage est susceptible d'en compromettre le fonctionnement.

Concernant les EVMs avec antennes détachables

Conformément à la réglementation d'Industrie Canada, le présent émetteur radio peut fonctionner avec une antenne d'un type et d'un gain
maximal (ou inférieur) approuvé pour l'émetteur par Industrie Canada. Dans le but de réduire les risques de brouillage radioélectrique à
l'intention des autres utilisateurs, il faut choisir le type d'antenne et son gain de sorte que la puissance isotrope rayonnée équivalente
(p.i.r.e.) ne dépasse pas l'intensité nécessaire à l'établissement d'une communication satisfaisante.

Le présent émetteur radio a été approuvé par Industrie Canada pour fonctionner avec les types d'antenne énumérés dans le manuel
d’usage et ayant un gain admissible maximal et l'impédance requise pour chaque type d'antenne. Les types d'antenne non inclus dans
cette liste, ou dont le gain est supérieur au gain maximal indiqué, sont strictement interdits pour l'exploitation de l'émetteur.
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【【Important Notice for Users of EVMs for RF Products in Japan】】
This development kit is NOT certified as Confirming to Technical Regulations of Radio Law of Japan

If you use this product in Japan, you are required by Radio Law of Japan to follow the instructions below with respect to this product:
1. Use this product in a shielded room or any other test facility as defined in the notification #173 issued by Ministry of Internal Affairs and

Communications on March 28, 2006, based on Sub-section 1.1 of Article 6 of the Ministry’s Rule for Enforcement of Radio Law of
Japan,

2. Use this product only after you obtained the license of Test Radio Station as provided in Radio Law of Japan with respect to this
product, or

3. Use of this product only after you obtained the Technical Regulations Conformity Certification as provided in Radio Law of Japan with
respect to this product. Also, please do not transfer this product, unless you give the same notice above to the transferee. Please note
that if you could not follow the instructions above, you will be subject to penalties of Radio Law of Japan.

Texas Instruments Japan Limited
(address) 24-1, Nishi-Shinjuku 6 chome, Shinjuku-ku, Tokyo, Japan

http://www.tij.co.jp

【無線電波を送信する製品の開発キットをお使いになる際の注意事項】

本開発キットは技術基準適合証明を受けておりません。

本製品のご使用に際しては、電波法遵守のため、以下のいずれかの措置を取っていただく必要がありますのでご注意ください。
1. 電波法施行規則第6条第1項第1号に基づく平成18年3月28日総務省告示第173号で定められた電波暗室等の試験設備でご使用いただく。
2. 実験局の免許を取得後ご使用いただく。
3. 技術基準適合証明を取得後ご使用いただく。

なお、本製品は、上記の「ご使用にあたっての注意」を譲渡先、移転先に通知しない限り、譲渡、移転できないものとします。

　　　上記を遵守頂けない場合は、電波法の罰則が適用される可能性があることをご留意ください。

日本テキサス・インスツルメンツ株式会社
東京都新宿区西新宿６丁目２４番１号
西新宿三井ビル
http://www.tij.co.jp

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

SPACER

http://www.tij.co.jp
http://www.tij.co.jp


EVALUATION BOARD/KIT/MODULE (EVM)
WARNINGS, RESTRICTIONS AND DISCLAIMERS

For Feasibility Evaluation Only, in Laboratory/Development Environments. Unless otherwise indicated, this EVM is not a finished
electrical equipment and not intended for consumer use. It is intended solely for use for preliminary feasibility evaluation in
laboratory/development environments by technically qualified electronics experts who are familiar with the dangers and application risks
associated with handling electrical mechanical components, systems and subsystems. It should not be used as all or part of a finished end
product.

Your Sole Responsibility and Risk. You acknowledge, represent and agree that:
1. You have unique knowledge concerning Federal, State and local regulatory requirements (including but not limited to Food and Drug

Administration regulations, if applicable) which relate to your products and which relate to your use (and/or that of your employees,
affiliates, contractors or designees) of the EVM for evaluation, testing and other purposes.

2. You have full and exclusive responsibility to assure the safety and compliance of your products with all such laws and other applicable
regulatory requirements, and also to assure the safety of any activities to be conducted by you and/or your employees, affiliates,
contractors or designees, using the EVM. Further, you are responsible to assure that any interfaces (electronic and/or mechanical)
between the EVM and any human body are designed with suitable isolation and means to safely limit accessible leakage currents to
minimize the risk of electrical shock hazard.

3. Since the EVM is not a completed product, it may not meet all applicable regulatory and safety compliance standards (such as UL,
CSA, VDE, CE, RoHS and WEEE) which may normally be associated with similar items. You assume full responsibility to determine
and/or assure compliance with any such standards and related certifications as may be applicable. You will employ reasonable
safeguards to ensure that your use of the EVM will not result in any property damage, injury or death, even if the EVM should fail to
perform as described or expected.

4. You will take care of proper disposal and recycling of the EVM’s electronic components and packing materials.

Certain Instructions. It is important to operate this EVM within TI’s recommended specifications and environmental considerations per the
user guidelines. Exceeding the specified EVM ratings (including but not limited to input and output voltage, current, power, and
environmental ranges) may cause property damage, personal injury or death. If there are questions concerning these ratings please contact
a TI field representative prior to connecting interface electronics including input power and intended loads. Any loads applied outside of the
specified output range may result in unintended and/or inaccurate operation and/or possible permanent damage to the EVM and/or
interface electronics. Please consult the EVM User's Guide prior to connecting any load to the EVM output. If there is uncertainty as to the
load specification, please contact a TI field representative. During normal operation, some circuit components may have case temperatures
greater than 60°C as long as the input and output are maintained at a normal ambient operating temperature. These components include
but are not limited to linear regulators, switching transistors, pass transistors, and current sense resistors which can be identified using the
EVM schematic located in the EVM User's Guide. When placing measurement probes near these devices during normal operation, please
be aware that these devices may be very warm to the touch. As with all electronic evaluation tools, only qualified personnel knowledgeable
in electronic measurement and diagnostics normally found in development environments should use these EVMs.

Agreement to Defend, Indemnify and Hold Harmless. You agree to defend, indemnify and hold TI, its licensors and their representatives
harmless from and against any and all claims, damages, losses, expenses, costs and liabilities (collectively, "Claims") arising out of or in
connection with any use of the EVM that is not in accordance with the terms of the agreement. This obligation shall apply whether Claims
arise under law of tort or contract or any other legal theory, and even if the EVM fails to perform as described or expected.

Safety-Critical or Life-Critical Applications. If you intend to evaluate the components for possible use in safety critical applications (such
as life support) where a failure of the TI product would reasonably be expected to cause severe personal injury or death, such as devices
which are classified as FDA Class III or similar classification, then you must specifically notify TI of such intent and enter into a separate
Assurance and Indemnity Agreement.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2014, Texas Instruments Incorporated



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 TI 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.
TI reference designs have been created using standard laboratory conditions and engineering practices. TI has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. TI may make
corrections, enhancements, improvements and other changes to its reference designs.
Buyers are authorized to use TI reference designs with the TI 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 TI 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.
TI reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESD46, 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.
TI 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 TI
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.
TI 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 TI information in TI 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. TI 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 TI 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 TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.
Only those TI components that TI 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.
TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.
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