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1 Introduction
The sole objective of this reference design is to focus on the design of a robust, low-power, precise, long-
term stable, 2-wire, loop-powered, 4- to 20-mA current-output temperature transmitter by making best use
of signal chain, power and computing solutions. This reference design uses a RTD-temperature sensor
with a 4- to 20-mA current-loop transmitter.
This design explains sensor signal conditioning, ratiometric measurement technique, recommended
software flow, calibration, sensor linearization, printed circuit board (PCB) layout, and other practical
design considerations. Furthermore, external-protection circuitry is deployed in-place for compliance with
regulatory IEC61000-4 standards — electrical fast transient (EFT), electrostatic discharge (ESD), and
electrical surge requirements. Electromagnetic compatibility (EMC) compliance to IEC61000-4 is
necessary to ensure that the design not only survives but also performs as intended in a harsh and noisy
industrial environment. All the relevant design files such as schematics, Bill of Materials (BOM), layer
plots, Altium files, Gerber files, and MSP430 microcontroller unit (MCU) software are provided.
2 Key System Specifications
The reference design targets the specifications and features shown in Table 1.
Table 1. Key System Specifications
PARAMETERS SPECIFICATIONS AND FEATURES
Sensor type 2-, 3-, and 4-wire PT100 to PT1000 RTD probes
(The MCU software developed supports PT100 RTD by default)
Temperature range -200°C to 850°C
Output signal 2-wire 4- to 20-mA current loop
Measurement type Ratiometric
Power supply voltage range on loop interface terminals 10-V to 33-V DC
Supply current consumption < 3.3 mA (To power all the functional blocks of transmitter)
Maximum load (including wiring resistance) (Loop Supply Voltage — 10 V)/24 mA
Error output currents h?g\;]%f?% r%/'—\o\((tt};r;iiccagl))
Reverse polarity protection Yes, on power input
Temperature resolution 0.0341°C (Noise free or flicker free resolution of analog front end)
Output current resolution 0.76 A
Power supply influence on output 0.3 pA
System_accuracy or maximum measured error Better than 0.2°C (-200°C to 850°C temperature range)
(Excluding sensor errors)
Calibration Offset and gain calibration for analog-to-digital converter (ADC) and
digital-to-analog converter (DAC)
—200°C to 850°C look-up table with 1°C resolution implemented in the
RTD temperature linearization MSP430 firmware to resolve nonlinearity of RTD or the Callendar-Van
Dusen relationship between resistance and temperature
Surge transient immunity IEC 61000-4-5: 1 kV line-line (DM)
Operating temperature -40°C to 85°C
Two-pin TH connector for loop interface
Interface connector(s) Four-pin RA TH connector for external RTD sensor probe
Four pin RA SMD connector for Spy-bi-wire interface
Form factor (L x W) 71.12 mm x 6 mm
2 Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature TIDU385A—July 2014—Revised November 2014
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3.1

System Description

4- to 20-mA current loops are very popular world-wide. 4- to 20-mA current loops are a standard for
transmitting remote sensor information to programmable logic controllers over long distances in industrial
process monitoring, control, and automation applications.

This reference design uses a very small industrial form factor to provide a low-power, high-performance,
and cost-effective 4- to 20-mA, temperature-transmitter solution. Low power consumption is a key
requirement for industrial 2-wire sensor transmitters which are powered by loop power supply. To meet
these requirements, the selected devices for the signal chain offer most of the functionality integrated on-
chip, consume low power, and come in a small foot-print.

The compact sensor transmitters which are available in the market today come with an integrated probe
and an industry-standard M12 connector for loop interface. To showcase the suitability of devices with
respect to size and performance for such compact designs, a 6-mm wide PCB has been used. The 6-mm
wide PCB enables the entire PCB assembly to fit inside a hollow cylindrical housing of similar diameter as
the connector. The design also provides the two break-out sections for fast prototyping. Top level
hardware architecture is shown in Figure 1, which has major blocks identified as ADC, DAC, MCU and
LDO.

BREAK-OUT | BREAK-OUT Il

LDO VIN Loop +

MCU

Receiver

)—
Loop —

Figure 1. Top Level Hardware Architecture of Current Loop Temperature Transmitter

Before starting the design and layout of the actual system, carefully examine all the captured system
requirements and features. Use a top-down approach to translate the design requirements into subsystem
level requirements. Some of subsystem level requirements are as follows.

ADC Requirements
* The ADC should be a single chip sensor analog front-end for DC-sensing application. The intention of
this design is to use as few external components as possible around the ADC.

» The ADC should have an integrated, dual-matched, programmable-current source for sensor excitation
which can be routed to any of the analog pins through a flexible-input multiplexer. This integration
helps in implementing a current-chopping technique in order to compensate for any mismatch that
exists between current sources.

» The ADC should have an integrated, low-noise and high-input impedance, programmable-gain
amplifier (PGA).

» The ADC should have an integrated 50 Hz or 60 Hz rejection filter in order to attenuate line frequency
pick-up by long leads of temperature sensor running in a harsh or noisy factory environment.

» The ADC should have a serial peripheral interface (SPI) as a digital interface to the MCU.
e Target resolution should be 10 times lower than the overall system accuracy of 0.4°C from -200°C to
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850°C.
The ADC should accept external reference voltage for implementing ratiometric measurement.

From a layout and routing perspective, the ADC should have a small package not exceeding 4.25 mm
to fit into a 6-mm wide PCB.

The ADC should have low current consumption so that additional current is available for the remaining
portion of the system. The total current supply drawn by the ADC and other companion devices must
stay well within 3.3 mA.

3.2 DAC Requirements

« The DAC should convert the digital code to an equivalent analog output current over a 4- to 20-mA
loop.

* The DAC should be a single-chip solution with no precision-external components.

» The DAC should have an SPI as the digital interface to the MCU.

» Target resolution should be 10 times lower than the overall system accuracy of 0.4°C from -200°C to
850°C.

« From a layout and routing perspective, the DAC should have a small package not exceeding 4.25 mm
to fit into a 6-mm wide PCB.

» The DAC should have low current consumption so that additional current is available for the remaining
portion of the system. The total current supply drawn by the DAC and other companion devices must
stay well within 3.3 mA.

3.3 MCU Requirements

» The MCU must have at least one SPI to interface with the ADC and the DAC. Ideally, the MCU should
have two SPIs for easy routing as the ADC and the DAC will be placed on the opposite sides of the
MCU (there is no other choice).

e The MCU should have enough internal memory to store application software, the entire RTD loop-
table, and calibration data.

* The MCU should be capable of performing functions like arithmetic algorithms, gain and offset
calibration routines, sensor linearization using look-up tables, and scaling ADC output to DAC input
code.

e The MCU must have a small interface for debugging and programming.

e From a layout and routing perspective, the MCU should have a small package not exceeding 4.25 mm
to fit into a 6-mm wide PCB.

» The MCU should have low current consumption so that additional current is available for the remaining
portion of the system. The total current supply drawn by the MCU and other companion devices must
stay well within 3.3 mA.

3.4 LDO Requirements

* The low-dropout (LDO) regulator should have a wide input range not only to withstand, but also to
maintain, well regulation during the input voltage transient events.

e The LDO should generate 3.3-V output.

e The LDO should have low noise and low quiescent current.

» The LDO should have a small package with high thermal performance to ensure that the junction
temperature stays within safe limits all the time during operation.
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4 Component Selection and Block Diagram

41 ADC Selection

The delta-sigma ADCs are mainly preferred for measurement of weak and slow analog signals like
temperature signals. These temperature signals are not expected to change rapidly and require a high
signal-to-noise-ratio (SNR) and wide dynamic range. The primary challenge of sensing in an industrial
environment is the conditioning of low signal levels in presence of high noise. Figure 2 shows various real
world physical quantities for sensing with respect to resolution required and the bandwidth of these
physical quantities.

If a successive approximation register (SAR) ADC is chosen for a DC sensing application, the SAR ADC
would require an analog gain stage and a complete anti-aliasing filter. The external signal conditioning
circuit adds a small error to the transducer signal. However, the delta-sigma ADC does not require the
external functions (an analog gain stage and a complete anti-aliasing filter).

The delta-sigma ADC has many of the required signal conditioning functions designed within the ADC
chip. The delta-sigma ADC performs these signal conditioning functions in the digital domain. The delta-
sigma ADC can nearly be considered as a system-on-a-chip (SoC). Therefore, delta-sigma converter
applications have fewer components when compared to SAR ADC circuits.

While in operation, the delta-sigma ADC continuously oversamples an input-voltage signal. The ADC then
applies a digital filter on these samples to achieve a multi-bit, low-noise digital output. The byproduct of
this algorithm is a higher dynamic range and lower output speeds.

Many delta-sigma ADCs include input buffers and programmable gain amplifiers (PGAs). An input buffer
increases the input impedance to allow direct connection to high-source impedance signals. A PGA
increases the converter’s resolution when measuring small signals. Delta-sigma ADCs are inherently
oversampling converters, which relaxes the baseband antialiasing filter requirements (an added benefit for
this type of architecture).

Delta-sigma ADCs offer all these features in a small package. Therefore, these features of delta-sigma
converters allow the designer to eliminate external analog circuitry in low-frequency signal chains. Figure 3
and Figure 4 show a clear picture why delta-sigma ADCs are a better choice for low-analog, signal-
sensing applications by comparing different ADC architectures.
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Figure 2. Real World versus Bandwidth
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Characteristic Pipelined SAR Delta Sigma
Throughput ++ + 0/+
(samples/sec)
Resolution (ENOB) + ++
Latency (Sample-to- + ++ 0
Output)
Suitability for converting + ++ 0
Multiple Signals per ADC
Capability to convert + ++ -
non-periodic multiplexed
signals
"Power Consumption Scales with | Scales with | Constant
Sample Sample
Rate or Rate
Constant

Figure 3. Comparisons of Different ADC Architectures
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A parametric comparison between different delta-sigma ADCs is given in Figure 5. The ADC selected for
this application is ADS1220 which is a low-power, low-noise, 24-bit, delta-sigma ADC for small signal
sensors. The high integration and small package size of ADS1220 enables the use of ADS1220 in space-
sensitive applications. ADS1220 has the exact numbers of pins required for connecting with 2-, 3- or 4-
wire RTD probes used in ratiometric technique.

Some of the highlighted features of ADS1220 are as follows.

e Low current consumption is approximately 415 pA (in normal mode)

* Programmable gain: 1 V/V to 128 VIV

» Programmable data rates up to 2000 SPS

» 50 Hz and 60 Hz line frequency rejection at 20 SPS

* Low noise PGA: 90 nVRMS at 20 SPS

« Dual-matched, programmable current sources for sensor excitation: 10 pA to 1.5 mA
« Two differential or four single-ended inputs

» Highly flexible input multiplexer

» Two burn-out current sources for sensor open-circuit detection

» Internal offset calibration by shorting PGA inputs using register setting
» SPI-compatible interface

e 3.5 mm x 3.5 mm 16-pin quad-flat no-leads (QFN) package

Compare Parts ADS51148 ADS51248 ADS51220 ADS51118
Resolution (Bits) 16 24 24 16
sample Rate (max) (SPS) 2kSPS 2kSPS 2kSPS 8605PS
# Input Channels 7 7 4 4
Power Consumption (Typ) (mW) 23 23 0.4 0.3
Architecture Delta-Sigma Delta-Sigma Delta-Sigma Delta-Sigma
Interface Serial SPI Serial SPI Serial SPI Serial SPI
Analog Voltage AV/DD (Min) (V) 27 27 23 2
Analog Voltage AVIDD (Max) (V) 525 525 55 55
Reference Mode Ext Ext Ext Int
Int Int Int
Supply
Rating Catalog Catalog Catalog Catalog
Operating Temperature Range (C) -40 to 105 -40 to 105 -40 to 125 -40 to 125
Package Group TSSOP TSSOP TSSOP VSSOP
VQFN VQFN X2QFN
Estimated Footprint (mm?) [PfI32VQFN[/pf): 5 W [pfI28TSSOPYpf]: 4.4 W [pf16VQFNpf: 3.5 W [pfI10X2QFNLpf]: 2 W
5L:25 mm2 9.7 L 51 mm2 3.5L: 12 mm2 1.5L: 3 mm2
[pfI28TSSOPYPf]: 4.4 W [pf16TSSOPYPf]: 4.4 W [pf10VSSOPYpf: 3 W
9.7 L 51 mm2 5L: 31 mm2 3L 15 mm2
Integrated Features PGA, GA GA GA
Dual matched Current Sources Dual matched Current Sources Oscillator
Dual matched Current Sources Internal Reference Internal Reference Internal Reference
Internal Reference Oscillator Oscillator Temp. Sensor
Oscillator 50/80 Hz rejection 50/80 Hz rejection
50/80 Hz rejection Single Cycle Settling Single Cycle Settling
Single Cycle Settling Temp Sensor Temp Sensor
Temp Sensor GPIOs
GPIOs
INL (+/-) (Max) (%) 0.0015 0.0015 0.0015 0.0015
PGA PGA PGA PGA

Figure 5. Compare Different Delta-Sigma ADCs
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DAC Selection

Architecture Delta-Sigma

DAC: Channels 1 1

Qutput Type Current Current
Voltage

Resolution (Bits) 16 16

INL (Max) (+/-LSB) 9

DNL (Max) (+/-LSB) 1 0.5

Offset Error (Max) (%) 0.1

Gain Error (Max) (%FSR) 0.07 0.22

Total Unadjusted Error (Max) (%FSR) 0.1

Output Range Max. (V or mA) 24 24

Analog Supply (Min) (V) 10 27

Analog Supply (Max) (V) 36 36

Power Consumption (Typ) (mW) 135 0.33

Interface Serial SPI Serial SPI

Operating Temperature Range (C) -40 to 125 -40 to 105

Package Group HTSSOP WQFN
VQFN

Status ACTIVE ACTIVE

DAC1615997 DAC161P997

Delta-Sigma
1

Current

=)

Single-Wire
-40 to 105

WQFN

ACTIVE

Figure 6. Compare Different DACs

A parametric comparison between different DACs is given in Figure 6. The DAC selected for this

application is DAC161S997. DAC161S997 is a 16-bit DAC and an obvious choice, as DAC161S997 was
designed specifically for industry standard 4- to 20-mA current loops. DAC161S997 is an ideal choice for
sensor nodes limited to 3.3 mA power consumption.

Some of the highlighted features of DAC161S997 are as follows.

16-bit resolution

Very low power supply current < 125 pA (max)
Pin-programmable, power-up condition

Loop error detection and reporting

Programmable output current error levels

Ultra-low power internal reference and internal oscillator
SPI-compatible interface

No external precision components

Integrating all precision elements on-chip in small 4 mm x 4mm 16-pin QFN package

Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature
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4.3

4.4

MCU Selection

A 4- to 20-mA loop powered sensor transmitter application that requires continuous monitoring at low
power consumption, MSP430™ MCUs with ferroelectric random-access memory (FRAM) are superior to
typical flash memory based microcontrollers. The MSP430FR57xx family with FRAM introduces the
market to a new generation of superior non-volatile memory devices.

Some of the benefits of MSP430FR57xx family with FRAM are as follows.

* Non-volatile memory — data state is retained even when power is turned-off

» Fast writing speed — 160 times faster than flash and >400 times lower energy on memory-write
operations

« Unlimited write endurance — over 10% write cycles

» Guaranteed completion of write operation in case of low power

» No pre-erase cycle required before writing

» Unified memory offers flexible code and data partitioning — the designer can dynamically partition the
device memory into code space or data space, as needed

The selected MSP430 MCU with FRAM for this application is MSP430FR5738. MSP430FR5738 has 16
KB of FRAM, 1 KB of static random-access memory (SRAM), supports up to a 24-MHz system clock, two
SPIs, 17 input/output pins (1/0s), and available in a 24-pin QFN package. A functional block diagram of
MSP430FR5738 MCU is shown in Figure 7.

PJ.4/XIN PJ.5/XOUT DVCC DVSS VCORE AVCC AVSS PA
A ‘ ‘ * ‘ ‘ P1.x), P2.x

v v [ v v

(,51363 'g?w 1/0 Ports
Clock [ ACLK 8 KB sYs P1/P2
System (15734, ‘5724) 1KB Boot " Power ) jlxg :;gs
4 KB 00 lanagement x S
> SMCLK| caraa 5720) ROM Watchdog REF

FRAM RAM

svs Interrupt

MCLK Wemory & Wakeup

: PA
Protection
L Unit | 1%11 1/0s

CPUXV2 MAB DMA

and
Working MDB 3 Channel

g s

EEM
(S: 3+1)

TAO TBO eUSCI_Ao0: ADC10_B
TA1 UART,

JTAG/ IrDA, SPI 10 Bit Comp_D

SBW MPY32 RTC_B CRC 200KSPS -

Interface (2) Timer_A| |(1) Timer_B eUSCI_BO: 10 channels]

3cc 3cc SPI, 12C 8 channels

Registers Registers (6 ext/2 int)

RST/NMI/SBWTDIO —
TEST/SBWTCK —
PJ.0/TDO —§
PJ.1/TDITCLK —
PJ.2/TMS —
PJ.3/TCK —

YYYVYY

Figure 7. Functional Block Diagram of MSP430FR5738 MCU

LDO Selection

A wide input range is often required in industrial environments to protect large transients from damaging
the LDO. The wide-input rating relaxes the design of external protection circuitry and minimizes protection
circuitry cost and space. LDOs with wide-input range safely regulate the output-power supply rail at
adesired 3.3 V, even when encountering high voltage transients at the input. These high-voltage transients
cause high heat. Therefore, a proper package needs to be selected to dissipate heat. An LDO with low
guiescent current is the best choice for a 4- to 20-mA loop-powered sensor transmitter. Quiescent current
is needed to control internal circuitry that calibrates performance. A parametric comparison between
different LDOs is given in Figure 9. The LDO device selected for this application is TPS7A1601DRB.
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TPS7A1601DRB offers the following features.

* Wide input range 3 V to 60 V
» High accuracy — approximately 2%
» Low drop-out voltage — approximately 60 mV at 20 mA
» Power supply rejection ratio (PSRR) of 50 dB at 100 Hz
* Ultra-low quiescent current — approximately 5 pA

» Stable with any ceramic capacitor from 2.2 pF to 100 pF
» High thermal performance package

60 V

24V

34V

Compare Paris

Output Options
lout (Max) (A}
Vin (Min) (V)
Vin (Max) (V)
Vout (Min) (V)
Vout (Max) (V)

Additional Features

Rating

Operating Temperature Range (C)

Package Group

Estimated Footprint (mm?)

I (Typ) (mA)
Accuracy (%)

Vdo (Typ) (mV)

PSRR @ 100KHz (dB)
Regulated Qutputs (&)

QOutput Capacitor Type

TPS7A1601

Figure 8. Wide Input Range of TPS7A1601 LDO
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Figure 9. Compare Different LDO Devices
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4.5

AT
-200C to +850C

v

'

Block Diagram

This reference design has two hearts (ADS1220 and DAC161S997), one brain (MSP430FR5738), and one pacemaker (TPS7A1601). ADS1220
together with MSP430FR5738, DAC161S997 and TPS7A1601 uses less than 3.3 mA budget for a loop-powered sensor transmitter solution. The
four selected integrated circuits complete the 4- to 20-mA transmitter signal chain. The detailed block diagram of the Small Form Factor 2-Wire 4-
to 20-mA Current Loop RTD Temperature Transmitter is shown in Figure 10. The total current consumption by the selected devices is given in
Equation 1 through .

lrorac = loacs + 1

At 25°C:

DAC2

+ |

ADS1220 +1

MSP430 at 1MHz

+ |

DAC1615997

+ |

lrorar < 250pA + 250pA + 415pA + 270uA + 100pA + 5pA
lrorar € 1.29MA (Typical)

Over -40°C to 85°C temperature range (worst condition):

lrorar < 250pA + 250pA + 600pA + 730pA + 125pA + 10pA
lrora £ 1.965mA (Maximum)
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Figure 10. Conceptual Schematic Diagram of 2-Wire 4- to 20-mA Current Loop RTD Temperature Transmitter
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5 System Design Theory

5.1 4-to 20-mA Current Loop — At a Glance

A typical current-loop system basically consists of four components as shown in Figure 11.

» Sensor (In this case, RTD temperature sensor)
e 4-to 20-mA Current Loop Sensor Transmitter

* Loop power supply
e Loop receiver

Air Blower
+ Heater AT
X (L

Thermal Chamber

RTD
Temperature
Sensor Probe

Programmable Logic Controller

4 to 20mA Current Loop RTD Loop Power (PLC) with Loop Receiver
Temperature Transmitter Supply s
N\
ADC

[

Control Signal

RLOAD

veu e ILoop
[' }_ b C:f(/\T):Ato 20mA )

e tength )———]

Figure 11. Typical Block Diagram of a Current Loop System

The sensor converts a physical parameter (in this case, temperature) to an equivalent voltage output. By regulating the current supplied by loop
power supply, the transmitter converts the sensor’s output to a proportional 4- to 20-mA DC current. The zero-value process variable, that is -
200°C, is represented by 4 mA. The full scale process variable, that is 850°C, is represented by 20 mA. Therefore, a 16-mA span is available to
represent the entire measurement information range. The current returns back to the power supply after flowing through a precision-load resistor of
the loop receiver. As no system can measure the current directly, the receiver first converts 4- to 20-mA loop current into a voltage which is easily
measured by the analog-input module of the programmable logic controller (PLC) system and processed further.
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Choosing current over voltage as an information carrier is generally preferred due to the following
reasons.

Current loops have inherent immunity against noise.

Transmitting current signal over long distances does produce the voltage drop (also known as voltage
loss or loop drop) across the loop due to wiring resistance. However, the magnitude of signaling is not
affected as long as the loop power supply is high enough to compensate for these losses and still
meets the compliance voltage requirement at the transmitter for the transmitter's proper operation.
Basic circuit theory shows that current is the same along the signal line, which means the same
amount of current supplied by loop power supply always returns back to the source.

The residual 4-mA current at zero-point allows easy detection of a wire-break condition. The residual
4-mA current at zero-point also allows the transmitter to be powered up if the current requirement is
within 4 mA. The current will exceed 20 mA for a short-circuit condition. Therefore, current loops are
self-monitoring.

Choosing current over voltage minimizes the cost and simplifies the installation, since signal current
and transmitter power-supply current share the same pair of conductors.

Choosing current over voltage ensures safer operation in hazardous areas by limiting the energy
available for ignition. Lower currents and voltage levels also ensure personnel safety.

The complete loop power supply voltage does not appear across the transmitter as all the devices in a 2-
wire loop-powered system are connected in series. Therefore, it important to ensure that the loop-power
supply is large enough to supply the minimum voltage at the transmitter while the maximum-expected loop
current has taken care of the other drops in the loop. For detailed calculations of minimum loop power
supply voltage, refer to Section 5.5.2 of this design guide.
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5.2

RTD Overview and the Callendar-Van Dusen Equation

An RTD is a sensing element made of a metal with predictable resistance characteristics over
temperature. Therefore, the temperature of an RTD is calculated by measuring the RTD's resistance. RTD
sensors offer wide temperature ranges, good linearity, and excellent long-term stability and repeatability.
These features make RTD sensors suitable for many precision applications.

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. The ADC
converts the voltage into a digital output code that can be used to calculate the RTD resistance. A
simplified circuit for an RTD measurement application is shown in Figure 12.

11
V|‘N+
Lo
GAIN
RRTD/g Voire ADC

I

V|N_

\

Figure 12. Simplified RTD Application Circuit

The basic principle for RTD operation is that all the metals have a positive change in resistance with
increase in temperature. Metals which have high resistivity, high melting point, and high corrosion
resistance are generally preferred for making RTDs. These characteristics allow using less amount of
material to achieve high-nominal resistance value. By far, platinum is the best material for RTDs because
of platinum's high resistivity and long term stability. Platinum follows a very linear resistance-temperature
relationship compared to other metals. As a noble (chemically inert) metal, platinum is less susceptible to
contamination. Platinum is one of the leading choices for metal for temperature measurement applications.
PT100 RTD has an impedance of 100 Q at 0°C and approximately 0.385 Q of resistance change per 1°C
change in temperature. This impedance results in 18.52 Q at —200°C and 390.481 Q at 850°C. However,
higher-valued RTDs such as PT200, PT500, or PT1000 can be used for increased sensitivity and
resolution at small extra cost.

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 and infrequent calibration possible. Table 2 displays the tolerance, initial
accuracy, and resulting error at 100°C for the five main classes of RTDs.

Table 2. RTD Class Tolerance Information

TOLERANCE CLASS TOLERANCE VALUES (°C) | RESISTANCE AT 0°C (Q) ERROR AT 100°C (°C)
(DIN-IEC 60751)

AAAD +(0.03 + 0.0005 x T) 100 + 0.012 +0.08
AA #(0.01 + 0.0017 x T) 100 + 0.04 +0.27
A #(0.15 + 0.002 x T) 100 + 0.06 +0.35
B #(0.3 +0.005 x T) 100 £ 0.12 £0.8
C #0.6 +0.01xT) 100 + 0.24 £1.6

@ AAA is not included in the DIN-IEC 60751 specification but is an industry accepted tolerance for performance demanding
applications.
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The relationship between the resistance and temperature of platinum RTD is defined by a nonlinear
mathematical model known as the Callendar-Van Dusen (CVD) equation. The coefficients in the
Callendar-Van Dusen equation are defined by the IEC-60751 standard.

For T > 0°C, the CVD equation is a second-order polynomial as given in Equation 4:

RTD (T) =R, x [1 + A(T) + B (T)7] 4)
For T < 0°C, the CVD equation expands to a fourth-order polynomial as given in Equation 5:
RTD (T) =R, x [1 + A (T) + B (T)*+ C (T)* (T — 100)] (5)
The linear approximation model is as follows:
RTD (T) = Ry x [1+ a (T)]
where
e T = Temperature of RTD element in °C
* RTD (T) = resistance of RTD element as a function of temperature
* R, is the resistance of the RTD element at 0°C
e a = Sensitivity of RTD element = 0.00385 Q/Q/°C
e A=3.9083x103°C*
e B=-57750x107°C?
¢ C=-4.1830x 10" °C* (6)
The behavior of resistance for PT100 RTD from —200°C to 850°C is shown in Figure 13.
400
360
320
280
)
£
RTD( Temp) 9 240
— (O]
(8]
RunatTem & o
h%)
8
vd
160
120
80
40
9 200 - 95 10 115 220 325 430 535 640 745 850
Temperature (C)
Figure 13. RTD Resistance and Linear Fit Line versus Temperature
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The change in RTD resistance is piecewise linear over small temperature ranges. An end point curve
fitting shows RTDs have second-order nonlinearity of approximately 0.375% as shown in Figure 14.
Therefore, it is necessary to implement a digital linearization technique to correct this nonlinearity error.
Table 3 compares three digital linearization techniques.

Resistance Error (Ohms)

Nonlingpd Temp) 10|

Resistance Error and Nonlinearity %oFSR

18]

16

14

12]

8|

- 200 -95 10 115 220

325
Temp

430 535
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Figure 14. PT100 RTD Nonlinearity from —200°C to 850°C
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Table 3. Comparison of Linear Approximation Methods

METHOD

ADVANTAGE

DISADVANTAGE

OTHER REMARKS

Simple Linear
Approximation

Easy to implement

Fast execution

Accurate over small temperature
ranges

Smaller code size

Least accurate over wide
temperature range

Simple method when memory size
is limited and temperature range is
smaller

Piecewise Linear
Approximation

Accuracy depends on the entries in
the lookup table
Fast execution

High accuracy
More entries in lookup table
Bigger code size

Most practical method implement
by most of the embedded systems

Callendar-Van
Dusen equation

Most accurate

Extremely processor Intensive
Time consuming

Requires quare root and power
functions on the processor

Not practical in most applications

In this reference design, a look-up table for the PT100 RTD 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 PT100 RTD look-up 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.
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5.3 ADC Operation (Three Wire RTD Measurement)

The first heart of this reference design is ADS1220. ADS1220 integrates all required features (such as
dual-matched programmable current sources, buffered reference inputs, and PGA) to ease the
implementation of ratiometric 2-, 3-, and 4-wire RTD measurements.

lipact * lipacz Reer
> W\/_’j_
- Ve -
33V §RF3 §RF4 33V
Coms| Corz ] Coms
0.1 uF 0.1uF
T| HHH | T
R — 10 pAto v O
LEAD3 I . 1A mA AVDD REFPOI l REFNO DVDD
Rieame - Rr2 ez ANO| | —(:)—¢ Internal Reference
—\—0 AN E = | : Reference | 7|  Mux ADS1220
| r
3-wire RTD. Vin Corr1 | : —O/
Rignor Rr ANt [ ! < TS
1 ‘g I . Digital Fitter |41 go1k
Cont I 16-bit and |
I AIN2 : e | > " AzADC N SPl I Bl(r)\lUT/DRDY
= N ! : > Interface ]
(IDACT) | ) DRDY
| _0\
|
AIN3) - Low Drift Precision
(IDAC2) Oscillator Temp Sensor
O—‘ jCLK \DGND
L

Figure 15. 3-Wire RTD Measurement

The circuit in Figure 15 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, ADS1220 provides two integrated digital-
analog converter (IDAC) current sources capable of outputting currents from 10 pA to 1.5 mA. IDAC1 is
routed to one of the excitation leads of the RTD. IDAC2 is routed to the second excitation lead as shown
in Figure 15 by appropriate setting of ILIMUX [2:0]: IDACL1 routing configuration bits and 12MUX [2:0]:
IDAC2 routing configuration bits in the configuration register 3. Both currents have the same value, which
is programmable by bits IDAC [2:0]: IDAC current setting in configuration register 2.

The design of the ADS1220 ensures that both IDAC values are closely matched, even across
temperature. The excitation current of 1 mA or less is generally preferred for industrial applications in
order to minimize the error due to self-heating. In this application, IDAC1 and IDAC2 programmed for 250
HA.

The sum of both currents, that is 500 pA, flows through a reference resistor, Rger. The voltage developed
across Rggr is fed into the positive and negative reference pins (REFPO and REFNO) of the ADS1220
which is configured to use this external reference voltage Vg for the analog-to-digital conversions. The
Rrer resistor and excitation current are sized to produce an external reference of mid-supply (AVDD +

AVSS)/2.
V x PGA
ADC CODE ¢.—RT2 GAIN
Vrer ©)
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ADC CODE o ~RTD X PGAcAN

2 x Rrer ®)

53.1

5.3.2

5.3.3

From Equation 8, it is obvious that the accuracy of the measurement depends on the reference resistor.
Therefore, the absolute accuracy and temperature drift of the excitation current does not matter. However,
because the value of the reference resistor directly impacts the measurement result, the accuracy can be
set to a higher level by choosing a high-precision, low-drift reference resistor Rgge.

Selecting Rggr
Veer = (IDAC1 + IDAC2) X Rper (9)
Because, IDAC1 = IDAC2 = IDAC = 250 pA
IDAC1 = IDAC2 = IDAC = 250pA (10)
If Rger = 3.24 kQ, £0.1% tolerance or better, 25 PPM/°C drift or better, then
Veer = 2 % IDAC X Rpgr = 2 % 250 PA x 3.24 kQ = 1.62 V, (11)

which is close to mid-supply voltage.

Selecting PGA Gain

The voltage produced across the RTD needs to be amplified by the PGA before it reaches A~ ADC for
conversion. The PGA gain should be chosen so that ADC input signal is still less than Vg at maximum
RTD temperature. The largest possible gain will yield the best resolution per °C.

R at 850°C = 390.48 Q,
Ve at 850°C = 390.48 Q X 250 pA = 97.62 mV,

Veee 162V 456y )y
Virp at 850°C ~ 97.62 mV (12)

PGA_GAIN =

The closest programmable gain option is 16V/V.

Common Mode Voltage Compliance Check
The allowed common-mode input voltage range is as highlighted in Figure 16.

ANALOG INPUTS

Full-scale input voltage 1)

(Vin = ADCINP — ADCINN) Vger/PGA Vv
Gain Gain

Common-mode input range AVSS + 02V + (V'N)(2 ) AVDD - 02V — (V,N)(2 ) v

Figure 16. Specification for Common Mode Input Range

0V+O.2+O.09762\;><16V/V < Vgy €33V -0.2V - 0.09762\/2><16V/V -

0.981V <V, <232V

The common-mode input voltage actually set by the design can be given as shown in Equation 14.

(14)

Assuming R gap = 10 Q,
Ve at Rerp at -200°C < VCMI £ V,,, at Ry at 850°C (15)

1.63V < V¢, <1.68 V
This result is well within the maximum allowed common-mode input voltage range.
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5.35

5.3.6

Excitation Current Compliance Voltage Check

When designing the circuit, care should be taken to meet the compliance-voltage requirement of the
IDACs. The IDACs require a minimum headroom of (AVDD — 0.9 V) in order to operate accurately.

EXCITATION CURRENT SOURCES (IDACs)
Current settings

10, 50, 100, 250, 500, 1000, 1500 A
AVDD - 0.9 v

Compliance voltage All currents

Figure 17. Specification for Excitation Current Source Compliance Voltage

For IDACL:
AVSS + [IDACL X (Rican; + Rero )] + [[DACL+IDAC2) X (Ricavs+Reer )] + Vorone < AVDD — 0.9 V (16)

212512V <24V

For IDAC2:
AVSS + [IDAC2 % (Rieapy + Rerp )] + [IDACL+IDAC2) X (R eans + Reer )] + Voooe < AVDD — 0.9 V 17)

1628V <24V
This means that the excitation current compliance voltages for IDAC1 and IDAC2 are met.

Analog Input and Reference Low Pass Filter Design

RTD voltage output signal is typically in the millivolt range, which makes the signal susceptible to noise.
First-order differential and common-mode RC filters (Rg;, Rz, Coiri, Comss @nd Cqyy,) are placed on the
ADC inputs, as well as on the reference inputs (Res, Rrs, Coirzs Coms: @and, Ceyg) to eliminate high-
frequency noise in RTD measurements. The differential cut-off frequency of the analog-input filter must be
chosen at least ten times higher than the ADC bandwidth at the selected data rate. The cut-off frequency
chosen for this design is higher to account for a faster sampling rate. If the corner frequencies are not
matched, noise appearing on analog input will be different from noise on the reference, which will not get
cancelled in ratiometric measurement. For best performance, it is recommended to match the corner
frequencies of the analog-input and reference low-pass filters. For more details on how to match corner
frequencies of analog input and reference filters, refer to the following document: RTD Ratiometric
Measurements and Filtering Using the ADS1148 and ADS1248 Family of Devices, Application Report
SBAA201.

Excitation Current Chopping

The two current sources must be perfectly matched to successfully cancel the lead resistance of the RTD
wires. While initial matching of the current sources is important, any remaining mismatch in the two
sources can be minimized by swapping (or chopping) the two current sources between the two inputs.
Taking a measurement in both configurations and averaging the two readings will greatly reduce the
effects of mismatched current sources (see Equation 18). Realizing current chopping technique could
become possible by the use of an integrated, digitally-controlled, very-flexible input multiplexer inside
ADS1220.

PARAMETER \ TEST CONDITIONS \ MIN TYP MAX| UNIT
EXCITATION CURRENT SOURCES (IDACs)
Current settings 10, 50, 100, 250, 500, 1000, 1500 HA
Compliance voltage All currents AVDD -0.9 \%
Accuracy All currents, each IDAC —6% +1% 6%
Between IDACs o,
Current match (not valid for 10-pA setting) *0.3%
) Each IDAC o
Temperature drift (not valid for 10-LA setting) 50 ppm/°C
5 . Between IDACs o
Temperature drift matching (not valid for 10-pA setting) 10 ppm/°C

Figure 18. Specification for Excitation Current Source Mismatch and Temperature Drift
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Figure 20. Measurement after Excitation Current Swap
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2 (18)
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5.4 MCU Operation
MPS430FR5738 MCU is the brain of 2-wire 4- to 20-mA current loop RTD temperature transmitter. The intelligence required to perform all
intended functions are coded in software which resides inside FRAM and runs from FRAM. The MCU interfaces with ADS1220 and DAC161S997
devices through two independent SPIs — USCI_BO0 and USCI_AQO, respectively. Inmediately after power-up, the MCU performs necessary
initializations required for itself, such as setting-up the system clock, 1/0O port setting, enables/disables interrupts, and initializes SPI engines to start
communication with ADC and DAC. After self-initialization, the MCU initializes the internal registers of ADC and DAC as per the design
requirements already captured and implemented in software.
The MCU gets the raw 24-bit code from the ADS1220 device that corresponds to the RTD temperature at the measurement point at that instance,
applies offset and gain calibration, converts the ADC code to a resistance value, performs linear interpolation to convert resistance value into
temperature using the RTD look-up table, converts this temperature value to the DAC input code, and after correcting for DAC gain and offset
correction, applies the 16-bit code corresponding to loop current to the DAC161S997 device through SPI as shown in Figure 21.
MSP430FR5738
MCU RTD Look-up
Table
Tir Rir ) )
¢ | ohms L et erpoiaon wsng Ine. "
20 74607 equation. (e.g,TRTD:IZZV.VSf)
121 | 146.45 Ty = Tt + (Rmo = Bt
[n-1]— 122 1268
[n]—) 123 N47.20
ADC CODE — 124 1147.58 ‘ Convert T grp to loop current ‘
Rero = 147.01Q 125 | 147.95 .
—_ (For example) :
Trro = j27 14671 e N
122.5C 128 | 149,08 | Increment ‘ peb ofset & gan celbration ‘ U
120 149.46 | PO bl L 2
130 | 149.83 | resistance o
(R GILSEIE exceeds Convert the corrected loop current
‘\% ADS1220 @EC 3 BTE L Yo ADC data 152 | 15058 | M Rms vl o BAS It o @ R +> lLoop %9
74

Figure 21. Data Flow Diagram
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54.1 Converting ADC Output Code to RTD Resistance

ADS1220 provides 24-bit data in binary twos complement format. The positive full-scale input produces an
output code of 7FFFFFh and the negative full-scale input produces an output code of 800000h. The output
clips at these codes are for signals that exceed full-scale (FS).

Table 4. Ideal Output Code versus Input Signal

INPUT SIGNAL, Vy
(AINp — AIN) IDEAL OUTPUT CODE®W
2 +FS (28 -1)/ 2% 7FFFFFh
+FS /2% 000001h
0 0
-FS /2% FFFFFFh
<-FS 800000h
@ Excludes the effects of noise, INL, offset, and gain errors.
1LSB = Full Scale Range = 2xFS 2 xVrer
(224 - 1) (2% =1)  GAINx (2% -1) (19)

In ratiometric measurement, V,y = Rgrp X IDAC and Vier = 2 X Rgee X IDAC, then
2 x Ve x (ADC_CODE)pec

GAINx (224 1) (20)

Viy =1LSB x(ADC_ CODE)pec =

4 x Rgep X (ADC_CODE)pec
GAINx (224 —1) 1)
Where, Rgee = 3240 Q and GAIN = 16V/V

RRTD =

5.4.2 Converting Rgrp to Equivalent Temperature (Tgrp)

To perform a linear interpolation using a look-up table, first compare the measured Rg;p values with
resistance values (R,1) given in the look-up table, until the look-up table value exceeds the measured
value that is being converted. Then, use Equation 22 to convert the measured Ry value to temperature
value (Tgp). This operation involves four additions, one multiplication, and one division step, respectively.
This operation can be done easily on a 16-bit MSP340FR5738 MCU.

Trrp = Tiv[n-q) + (RRTD ~Rit[ng ) x ((TLT[”] _ TLT[H])

RLT[n] - RLT[n—l]) 22)

5.4.3 Converting Tgp to Equivalent DAC Input Code

First of all, convert the temperature value (Txrp) to equivalent loop current using Equation 23 (see also

Figure 23).
16 mA
I =4 MA +(Trp +200°C) x
LooP (Trro ) LOSOOC} 23)
Then, convert this loop current into the DAC input code using Equation 24.
lLoop =24 MA x [—DAC —1(6:ODE}
2 (24)

To find out the relation between Tgp, and DAC_CODE, substitute the value of | oo from Equation 23 in
Equation 24,
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16mA 16
4mA +(T, 200°C)x| ———< | |x2
|: m. +( RTD + )X|:10500c:|:|><

DAC _CODE = DEC2HEX

24mA
(25)

Loop Current (in mA)
A

+850 -2

RTD Temperature (in C) DAC Input Code

0x0000
0x2500
O0X2AAA — — — —
OXDFFF
O0xES500
OXDFFF

Figure 22. Mapping RTD Temperature to Loop Current to DAC Input Code

5.5 DAC Operation
The second heart of this reference design is DAC161S997, which converts a 16-bit input code in the
DACCODE registers to an equivalent current output over the loop. The A% DAC output is a current pulse
which is then filtered by a third-order RC low-pass filter and boosted to produce the loop current (I, oop) at
the device OUT pin. Figure 23 shows the principle of operation of the DAC161S997 in the loop-powered
transmitter. The |, oop has a number of component currents as given in Equation 26.
DAC_CODE
where
¢ lpsc = f(DAC_CODE),
* |y and I, represent the supply currents of internal digital and analog blocks,
e .y represents the supply current of companion devices present in the system,
e |gis the only component which is regulated by the control loop to ensure that the actual loop current
corresponds to the DAC input code applied by the MCU. (26)
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Figure 23. Loop Powered Transmitter

55.1 Reasons for Choosing a 3.9-V Zener Diode
The first and most important requirement for the proper functioning of the entire circuitry is a stable power
supply. A good design ensures that the LDO gets the sufficient input voltage (V,y po) to generate a stable
3.3 V under minimum-loop, power-supply voltage and minimum-loop current conditions.
VINiLDO (MIN REQUIRED at 3.3 mA) — Vee + Voo MIN) = 33V+01VvV=34V (27)
From the circuit implementation, it is evident that the LDO input voltage Vy o is function of loop current
and collector-emitter drop (Vcg) of the bipolar junction transistor (BJT). Apply Kirchhoff’s Voltage Law
(KVL) in the inner loop,
V(IN_LDO) = [(Rc x lLOOP ) + VZENER+ VCE+ (RE x ILOOP )] (28)
At minimum loop power supply voltage, BJT operation is pushed towards saturation, which means that V¢
is approximately 0 V (minimum). Due to the stability considerations of the current control loop, the
minimum output current (I oop i) PelOW 200 PA is not advised as shown in Figure 24.
V(INiLDO) (at minimum VSUPPLY & minimum lLOOP) = [(Rc x lLOOP (MIN))+VZENER+ VCE (MIN) + (RE x lLOOP (MIN))] (29)
To ensure stable 3.3-V LDO output under these conditions, the following relation must be fulfilled.
V(INiLDO) (at minimum VSUPPLY & minimum ILOOP) > VINiLDO (MIN REQUIRED at 3.3 mA) (30)
[(100 Q x 200 pA)+ Vogner + OV + (20 Q X 200 pA)] > 3.4V
[Voener +0.024 V] >34V
From Equation 30, it is clear that without having a zener diode, a voltage greater than 3.4 V at the input of
the LDO cannot be ensured. Therefore, choose a zener diode having a zener voltage (V,....) greater than
3.4 V and able to handle power dissipation, Pp; = Vzener X lioop (uax)- IN this application, the design uses a
3.9-V, 500-mW zener diode.
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Figure 24. DAC DC Transfer Function

5.5.2 Loop Compliance Voltage

To calculate the minimum-loop, compliance-voltage (loop-power supply voltage), add all voltage drops in
the loop at the maximum-expected loop current.

From a current control loop stability point of view, Ve v Must stay greater than maximum Ve sar:
Vee umy > 0.2V
Applying Kirchhoff's Voltage Law in the outer loop, to find out the Ve g

VCE (MIN) = V(SUPPLY MIN) — (2 X VWIRE) - (2 x VF ) - VRC (MAX) ~ VZENER - VRE (MAX) — VSENSE(MAX) - VLOAD (MAX)
where

e 2 x Ve is voltage drop across system wiring. If system wiring runs over a length (L) along one way, wire
resistance per unit length is p and current in the loop is |, op, then the voltage drop for one conductor can be
given as:

VWIRE MAX) — px L x ILOOP (MAX)

e For example, a 24-AWG wire has resistance per unit length (p) of 0.026 Q/ft or 0.0755 Q/m.

*  Viow is the voltage drop caused by the internal resistance of the loop receiver. The internal resistance of the
loop receiver may vary from 50 Q to 250 Q.

VLOAD (MAX) = RLOAD x ILOOP (MAX)
*  Vgee IS the voltage drop across 40-Q sense resistor internal to the DAC.

eV, is the forward-voltage drop across the reverse polarity protection diode.

e V.=0.7 V at 30 mA forward current (from TVS data sheet, SM6T39CA Data Sheet SM6T39CA ). (31)
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Rewriting Equation 31,

Vsurry iy > 0.2V + (2xpxLx ILOOP(MAX))+ (2x0.7 V) + (100 Q X l o0p (MAX)) +3.9V+ (20 QX loop (MAX)) + (40 Q X | o0p (MAX)) +( Rioap X ILOOP(MAX)) + (40 Q x ILOOP(MAX))(32

+(Rioao X lLOOP(MAX))

The maximum output current that can be sourced out of the OUT pin by DAC161S997, |, o0p ax): IS @approximately 24 mA.

¥

Length (L)

lLOOP

+\ Loop Power
VsuppLy C_ P

Vwire Supply

E A
Rwire
'A%

VCC = =Y P
“—— 3.3V + g Loop
TPS7A1601 1< n
GND +
AYED - Vin_Lbo chi Ve fe
TI VzEner
DAC161S997 BASE \ KI Vee /
- o
A VXMTRI o [ ]
s ST
COMA -
VSENSE¢ 4‘”% v

ouT
v
lLoo .
—
f

Loop-

Figure 25. Series Voltage Drops in Current Loop System

M I A
v\
: VLOAD I

o
<
g2
Vwire
M
Loop
Receiver

lLOOP

LOOP CURRENT OUTPUT (OUT)

loUTMIN Minimum output current Tested at DACCODE = 0x01C2(") 0.19 mA

louTmax Maximum output current Tested at DACCODE = OxFFFF 23.95 mA

RouTt Output impedance 200 MQ
COMA to OUT voltage drop lout = 24 mA 960 mV

Figure 26. Specification for Loop Current Output
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Next, examine what NAMUR NEA43 has to say about loop current. NAMUR NE43 is an international
association of process instrumentation user companies that have worked on improving the diagnostic
coverage in 4- to 20-mA analog output transmitters to address associated safety issues. NAMUR NE43
provides the guideline for signaling-failure information to the safety-interlock systems over a 4- to 20-mA
loop. NAMUR NE43 recommends using 3.8 mA to 20.5 mA as an extended measurement information
range. NAMUR NE43 recommends using loop current below 3.6 mA or above 21 mA is in the diagnostic
failure information range. Choose | oop wax) = 24 MA, depending upon DAC capability and also to comply
with the NAMUR NE43 recommendation as shown in Figure 27.

Normal Range 4 to 20mA
(Measurement is valid)

Failure Extended Working Range 3.8 to 20.5mA Failure
Information (Measurement is still valid) Information
N I I I I & g Loop Current
N NS SIS :> o
> C : > S QO
Q (1o M) A\ v v v

Figure 27. NAMUR NE43 Recommendation

Re-writing Equation 32,

Veurpy g > 0.2V + (2xpxLx24mA) +(2x0.7V) + (100 Q x 24 mA) + 3.9V + (20 Q x 24 mA) + (40 Q x 24 mA)
+( Rioap X 24 mA) + (40 Q x 24 mA) + (R oap X 24 MA) (33)

Veupriy gy > 2 X 0.026 Q/ft X L X 24 MA) + (Riopp X 24 MA) +9.34 V (34)

Figure 28 and Figure 29 give the loop supply voltages calculated using Equation 34 at different receiver
load resistances and system wiring lengths.

System Wiring

Length (in ft) >
2 X 50ft 2 X 500ft 2 X 1000ft 2 X 1500ft 2 X 2000ft
RLOAD 50Q 10.6V 11.2V 11.8V 12.4V 13.1V

100Q 11.8V 12.4V 13.0V 13.6V 14.3V
1500 13.0V 13.6V 14.2v 14.8v 15.5V VsuppLy
200Q 14.2V 14.8V 15.4v 16.0V 16.7V
250Q 15.4vV 16.0V 16.6V 17.2v 17.9v

I< VsuppLy =I

Figure 28. Loop Power Supply Voltage for Different Loads and System Wiring length in Feet
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System Wiring >
Length (in m)
2 X 15m 2 X 150m 2 X 350m 2 X 500m 2 X 700m
RLOAD 50Q 10.6V 11.1V 11.8V 12.4V 13.1V
100Q 11.8V 12.3V 13.0V 13.6V 14.3V
150Q 13.0V 13.5V 14.2V 14.8V 15.5V VsuppLy
200Q 14.2V 14.7V 15.4V 16.0V 16.7V
250Q 15.4V 15.9V 16.6V 17.2V 17.9V
I< VsuppLy ;I

5.5.3

5.6

Figure 29. Loop Power Supply Voltage for Different Loads and System Wiring length in Meter

However, the maximum loop compliance voltage must not exceed the absolute maximum voltage rating of
any device used in the loop. Therefore, select the device in order to meet the maximum loop compliance
voltage requirement.

Selection of External BJT

DAC161S997 has been designed to use an external NPN transistor (BJT). Transistor Q1 conducts the
majority of the signal-dependent, 4-20mA loop current. Using an external transistor avoids on-chip power
dissipation and thermally-induced errors. Since the external transistor is part of a current control loop, the
external transistor characteristics are not critical. Virtually any transistor with sufficient voltage, current
and, power rating may be used. Basic requirements are as follows.

*  Vego =40 V minimum
* B =40 minimum
* Must be able to handle power dissipation, Py = Ve (wax) X loop max)

The NPN BJT should not be replaced with an N-channel Field Effect Transistor (FET) for the following
reasons. Discrete FET’s typically have high threshold voltages (V+), in the order of 1.5 V to 2 V, which is
beyond the BASE output maximum range. Discrete FETs present higher load capacitance, which may
degrade system stability margins. BASE output relies on the BJT’s base current for biasing.

Power Design

The TPS7A16xx family of ultra-low power voltage regulators offers the benefit of ultra-low quiescent
current, high-input voltage, and miniaturized, high-thermal performance packaging. The TPS7A16xx family
LDOs accept a maximum input voltage of 60 V, which makes these LDOs ideal for use in industrial
applications where high-voltage transients are present. The TPS7A1601 has an adjustable output voltage
range from 1.194 V to 20 V. The nominal output of the device is set by two external resistors R;, and R,
as shown in Figure 30. In order to set LDO output voltage, V. = 3.3 V, the resistor divider components
are calculated using Equation 35.

V,
Ria =Ryg X{ € }
VRer

where
Vrer = LDO Internal Reference Voltage = 1.193 V (typical)
* The selected values are R,, = 22.1 kQ and R,; = 12.4 kQ (35)
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Figure 30. LDO Circuit with Feedback for Adjustable Output

The maximum power dissipation within the LDO is given by Equation 36.
P, = (VINiLDO —Vee ) X IQ (36)

Assume a worst case scenario where the entire maximum loop power supply voltage, Vsyppiy max = 33 V,
appears across the LDO input. The maximum allowed |, = 3.3 mA.

P,=(33V -3.3) x 3.3 mA =98.01 mW (37)
The junction-to-ambient thermal resistance, 6,,, of the TPS7A1601 device is 44.5°C/W.
For safe operation: 8;, X Py + Ta ax) < T wax)

The maximum junction temperature before the TPS7A1601 device shuts down is 170°C. From

Equation 37, the worst case junction temperature of TPS7A1601 device is approximately 90°C, assuming
an ambient temperature of 85°C. Therefore, a sufficient thermal-operating margin is available with the
TPS7A1601 device, even accounting for the worse-case power dissipation.

! l I
NetC2_t 1: NetC2_1
by ﬁ
Q
z

1
NetC6_1

00

o - = |5y

Pouring more copper and providingstitching vias below the
exposed thermal pad to the ground plane copper allows
better thermal relief

Figure 31. Layout for LDO Section
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5.7 Protection

5.7.1 Protection for IEC61000-4
Primary Protection

The design uses a local transient-voltage suppressor (TVS) diode and a by-pass capacitor to reduce
voltage spikes to lower, more manageable voltages to be in compliance with IEC61000-4 requirements.

Transient
f Voltage
R2 R
i _zyﬁ\_» LOOF_PWR
TVS diode and by-pass capacitor for | \Transient 0.5% =2

TECGI000-4 protection L

D2

”‘ 5N our — "
5
5 = b | 3 R14 l
1 Ds 7 - 221k c15
0T SMBET39CA ==c8 a2 g .2 001yF ==C17
e 1 0.01pF — 4l oD I 10pF
. 100V 10pF
5-534206-1 o0 Oyl | S | pap N =B
R18
\ TPS7A1601DRB 124k

l
1
I

D GND GND GHND

Top Side

Bottom Side

Figure 32. Protection Circuit and Layout

TVS Stand-off Voltage or Working Voltage (Vgy)

Stand-off voltage or working voltage of the TVS diode, VRM, must be greater than the maximum
continuous operating voltage, 33 V, at the place of intended protection in the circuit to prevent the TVS
diode from conducting during normal operation.

Clamping Voltage (V. ), Peak Pulse Current (I,,) and Peak Pulse Power (Ppp)

Most TVS diode manufacturers specify diode ratings with respect to conventional 10/1000 ps double
exponential test pulse. However, the pulse used for the surge test is mostly 8/20 ps. In that case, the TVS
manufacturer provides peak pulse power versus pulse time graph, which shows how the peak pulse
power of the TVS is affected by a shorter or longer pulse duration. For shorter pulse widths, the TVS
diode can withstand higher-peak pulse power.

The TPS7A1601 LDO can withstand a maximum transient input voltage up to 60 V. Therefore, the
protection circuitry should be designed to handle +1kV differential surge transient voltage (IEC 61000-4-5)
safely and always clamp the surge transient voltage below 60 V, even at the higher ambient temperatures.

30 Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature TIDU385A—July 2014—Revised November 2014
Transmitter Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

13 TEXAS
INSTRUMENTS

www.ti.com System Design Theory

A few simple, but important mathematical equations must be solved for selecting the suitable TVS diode
and to find out the application-specific TVS diode parameters. These equations are Equation 38 through
Equation 43.
If Rp is given in the TVS data sheet, SM6T39CA Data Sheet SM6T39CA
VCL (MAX at 25°C) = IPP X RD+ VBR(MAX at 25°C) (38)
If Rp is not given in the TVS data sheet, SM6T39CA Data Sheet SM6T39CA
IPP
VCL( MAX at 25°C) | [V CL( MAX) -V BR(MAX at 25°c)} +V BR MAX at 25°Q
PH MAX) (39)
(1000 V - V¢,)
Pz tRs
s T Rg (40)
PPP = VCL X lPP

where
¢ R, is the dynamic resistance
* V. is the application specific clamping voltage of the TVS diode at application-specific peak pulse current

(Iep)
e Zis the source impedance of pulse generator and coupling/de-coupling network (CDN), Zs =42 Q
* Ry is the external series resistance, Rg = 0 Q (in this application) (41)

The TVS diode breakdown voltage (Vgg) has a positive voltage temperature coefficient (aT) specified in
SM6T39CA Data Sheet SM6T39CA . To ensure that the requirements for circuit protection are met even
at maximum ambient temperature of the application, it is important to take the voltage temperature
coefficient (aT) into account while calculating the application specific clamping voltage.

AV BR (MAX at Tamb) = (GT) x (Tamb - 25°C) X V BR (MAX at 25°C)

where
e T, IS ambient temperature which may go as high as 100°C in an industrial environment
« (aT) is voltage temperature coefficient (42)
The new equation for clamping voltage (Equation 43) at maximum ambient temperature can be given as
follows.
V, -y, o (Y% o) + AV, )] +[ v o) + AV, ]
CL(MAX @ Typmp) oo CL(MAX@25°C) BR(MAX @25°C) BR(MAX @ Tomp) BR(MAX @25°C) BR(MAX @ Tomp)

(43)

The TVS diode selected for this design is SM6T39CA. The SM6T39CA Data Sheet SM6T39CA also
specifies TVS diode parameters for 8/20 us pulse. Some important TVS specifications at 25°C are as
follows.

* Verwmaxy =33.3V

* Verwaxy =41V

* Ve waxy =69.7 Vat lpp uaxy = 57 A
*  Ppp max) = 4000 Watts at 8/20 ps

Next, determine by some calculations if the SM6T39CA TVS diode is able to meet the requirements for
8/20 ps, 1 kV differential surge.

Using the TVS diode ratings, solve for lop, Vi ax at 25:c) Pees @Nd Ve wax at 100°c)-
lop equals approximately 22.6 A

Ver max at 25:c) €Qquals approximately 52.4 V, which is less than 60 V.

Pee = 1184.25 Watts (at 25°C), which is less 4000 watts with 8/20 us pulse.
Ver max at 100°c) €quals approximately 54.22 V, which is still less than 60 V.
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Secondary Protection

During the positive differential surge voltage, both the diodes (D2 and D6) are forward-biased. As a result,
the clamped transient voltage appears across the transmitter’s loop interface circuitry between the two
traces as shown in Figure 34.

Before the feedback control loop reacts to the sudden and fast transient event in order to keep the loop
current constant and soak the majority of the clamped transient voltage across collector-emitter of BJT, a
high inrush current flows into the DAC'’s internal 40-Q sense resistor (between OUT and COMA pins) via
the C2 capacitor at the LDO input.

Most likely, a major portion of clamped transient voltage appears across OUT and COMA pins for a short
time period. DAC may not be able to survive a voltage greater than 6 V between any two pins of the DAC.

In order to make sure the voltage between OUT and COMA pins does not exceed 6 V, it is worth adding a
low-voltage, very low-leakage zener diode or a TVS-protection diode as secondary protection. A zener or
TVS protection diode between the OUT and COMA pins ensures that the DAC survives the high voltage
fast transient, but at the cost of reduced accuracy.

Therefore, selection of protection diode is very critical because the protection diode's leakage has a direct
impact on the loop-current accuracy. The working voltage of the zener or TVS protection diode should be
selected so that the working voltage does not affect the normal operation of the circuit.

Ver >> loop max) % 40 Q

Vgr >> 24 mA x 40 Q

NOTE: This design does not have PCB pads to add the protection diode. However, to prove the
concept, a 3.3 V/3 W zener diode was soldered manually and tested for 1-kV differential
surge. For more details on surge testing, refer to Section 8.8.

ABSOLUTE MAXIMUM RATINGS"®

MIN MAX UNIT
Supply voltage (VA, VD to COMA, COMD) -0.3 6 v
Voltage between any two pins® 6 Y,
Current IN or OUT of any pin — except OUT pin® 5 mA

Figure 33. Absolute Maximum Rating for Voltage between Any Two Pins of DAC
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Figure 34. Circuit Protection during Positive Surge

During the negative differential surge voltage, both the diodes (D2 and D6) are reversed-biased as shown in Figure 35. As a result, the clamp
transient voltage does not appear across the rest of the loop-interface circuitry. The pulse current is returned immediately through the front-end

TVS diode and bypass capacitor back to the source.

TIDU385A—July 2014—Revised November 2014 Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature 33
Submit Documentation Feedback Transmitter
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

System Design Theory

13 TEXAS
INSTRUMENTS

www.ti.com

Reversed
Biased

Transient

N Voltage
Loop+
S Lo
D2
—o
ol
. B
Coupling
Network
(@]
g
Clamped <+
Transient _
|_/ — —
. De-
J1 c coupling
=~ -54.22V Ao © o Network
(MAX) __E © Surge
m Generator
4“— <4
[a)]
<
o
32
Reversed
Biased

%
SEpf
D6

Loop-

Figure 35. Circuit Protection during Negative Surge
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System Design Theory

5.7.2 Reverse Polarity Protection

To protect the system from accidently connecting the power to the board in reverse polarity, two protection
diodes are used: one in the path of Loop+ and another in Loop— as shown in Figure 36. The diodes must
have a reverse-voltage rating higher than the maximum clamping-voltage of the TVS in the event of high-

voltage transient.
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Figure 36. Reverse Polarity Protection using Schottky Diodes
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6 Getting Started

6.1 Hardware Overview

Loop Interface LDO: ADC: MCU: DAC: Simulate RKTD:
Connector TPS7A1601 ADSI220 MSP430FR5738 DACI615997 500QPOT

Figure 37. Top Side PCB Assembly View

Spy-biwirc Intarface 4-Pin Conncetar (J2):
Connector for Connert oxternal 2-, 8- or 4-wirc
debig & programmins MCU PUSH Button

Figure 38. Bottom Side PCB Assembly View

6.2 Break-Out Options

The demo board has two break-out sections where the sensor signal chain can be interrupted for
evaluation and prototyping purposes. Break-out | section contains one 500-Q POT and one 300-Q 0.1%
resistor to simulate an actual RTD sensor. Break-out | section also contains a SPDT-slide switch to select
either a POT or a 300-Q resistor. Break-out |l section contains a sensor analog front-end interface
connector J2, a RC low-pass filter, and ADS1220. With break-out | and Il sections intact, the Tl design
demo board is a complete 2-wire 4- to 20-mA current loop RTD temperature transmitter solution.
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6.3

Figure 39. Break-out Section Options

Connecting Your Own RTD Sensor

To connect your own RTD sensor probe, separate the break-out | section from rest of the board. This
removes the POT, the resistor and the SPDT switch. After breaking, the J2 connector can be used to

interface with 2-, 3-, or 4-wire RTD sensor probes by populating R1 and R10 jumper resistor as per the

instruction given in Figure 40.
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Figure 40. Connecting External 2-, 3- or 4-Wire RTD Sensor Probes using On-board Resistors

Another way of connecting a 2-, 3-, or 4-wire RTD sensor probe using external jumper wire is also
illustrated in Figure 41.

RTD K&

Connecting

4-Wire RTD Probe

J2

-

L

—

o[b[s]o

.

No external jumper

wire required

RTD Kg

Connecting
3-Wire RTD Probe

J2
|——e
)
2
=

One external jumper
wire required

* Make sure R1 and R10 are DNP in all three cases

PN WA

Connecting
2-Wire RTD Probe

RTD Kg ::z

Two external jumper
wire required

J2

o[b[d]

Figure 41. Connecting External 2-, 3- or 4-Wire RTD Sensor Probes using External Jumper Wire

TIDU385A—-July 2014—-Revised November 2014
Submit Documentation Feedback

Copyright © 2014, Texas Instruments Incorporated

Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature
Transmitter

37


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

13 TEXAS
INSTRUMENTS

Getting Started www.ti.com

6.4 Connecting Your Own Digital Sensor

To connect your own digital sensor, both Break-out | and Il sections must be first separated from rest of
the board. This separation removes the J2 interface connector, the RC low-pass filters, and ADS1220.
Now, five exposed pads on the PCB as shown in Figure 42 can be used to interface with an external
digital sensor using the SPI/12C interface from the MSP430FR5738 device. The SPI/12C interface uses the
eUSCI_BO0 module of the MSP430FR5738 device. In SPI mode, the eUSCI_B0 module connects the
device to an external sensor by way of four terminals: CS, UCBOCLK UCBOSIMO and UCBOSOMI. In 12C
mode, the eUSCI_BO0 module provides an interface between the MSP430FR5738 device and I12C-
compatible sensors by way of two terminals: UCBOSDA and UCBOSCL.

PAD (€9 i WOU2-ea E"]._-? 10} w17 R2 I T
PAD-2 (UCBICLE) e ' ] o) szi
PAD.S (UCBOSIMO/ T CB0SDA) == 1 ciol Wy _ “o N
PAD-4 (UCBISOMIUCBOSCL) » - 1 i U\n |
PAD.5 (DRDY) 'r, I S

Figure 42. Exposed Pads for Connecting External Digital Sensor

WARNING

Please be careful breaking off the break-out sections. Due to the
small form factor and small trace width, it is recommended to use a
saw to remove the sections rather than breaking them away.

7 Software Update

The software code is designed to implement a temperature-transmitter application highlighting the
ADS1220 to receive data from an RTD temperature probe and send out the temperature reading on a 4-
to 20-mA signal using DAC161S997. The software code also addresses system level calibration — both
offset and gain that can be implemented to improve ADC and DAC accuracy and also includes linear
interpolation to address the nonlinearity of the RTD element.

For MSP430 firmware updates, Code Composer Studio™ (CCStudio) is recommended. CCStudio is an
integrated development environment (IDE) for Texas Instruments embedded processor families. CCStudio
comprises a suite of tools used to develop and debug embedded applications. CCStudio includes
compilers for each of TI's device families, source code editor, project build environment, debugger,
profiler, simulators, real-time operating system, and many other features.

The intuitive IDE provides a single-user interface which takes the user through each step of the application
development flow. For programming and debugging, the MSP430FR5738 implements an embedded
emulation module (EEM). The EEM is accessed and controlled through either 4-wire JTAG mode or Spy-
Bi-Wire mode. This reference design supports only the Spy-Bi-Wire mode. For more details on how the
features of the EEM can be used together with CCStudio, see Advanced Debugging Using the Enhanced
Emulation Module (EEM) With Code Composer Studio Version 6, Application Report SLAA393.

The 2-wire interface is made up of the SBWTCK (Spy-Bi-Wire test clock) and the SBWTDIO (Spy-Bi-Wire
test data input/output) pins. The SBWTCK signal is the clock signal and is a dedicated pin. In normal
operation, this SBWTCK pin is internally pulled to a ground. The SBWTDIO signal represents the data and
is a bidirectional connection. To reduce the overhead of the 2-wire interface, the SBWTDIO line is shared
with the RST/NMI pin of the device. For programming and debugging purposes, the SBWTCK, SBWTDIO,
Vc and GND from the Debugger need to be connected on J3.
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Figure 43. Spy-Bi-Wire Interface for Debugging and Programming of MCU

With the proper connections, a MSP430 debugger interface (such as the MSP-FET430UIF MSP-
FET430UIF) can be used to program and debug code on the reference design.

Power during Debugging

WARNING

Special care should be taken during debug to avoid damages due
to different power domain in conflicts (4-20mA loop power and
debugger tools power), read following section carefully.

The TPS7A1601 supplies 3.3 V to the MSP430 if a voltage in the range of 10 V to 33 V is supplied to the
4- to 20-mA loop. Normally, the MSP430FR5738 is powered from this 3.3 V.

If this local 3.3-V supply from the TPS7A1601 is used during debugging, make sure that the VCC_Target
pin from the debugger interface is connected to the V.. If there is no local power and the power from the
debugger interface is used, make sure VCC_Tool pin from the debugger interface is connected to the V.
and disconnect VCC_Target pin. Refer to Figure 44.
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Figure 44. Power Supply Connection during Debugging
8 Test Data

The overall system performance is governed by ADC accuracy, DAC accuracy, and resolution. Section 8.2
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.

NOTE: The test data in Section 8.1 through Section 8.8 was measured at room temperature using
calibrated lab equipment, unless otherwise specified.
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8.1 ADC Noise Histogram

Test Data

The peak-to-peak noise of the acquisition system can be approximated from an ADC output code
histogram. The RTD was replaced with a 390-Q 0.01% tolerance, high-precision resistor to represent RTD
resistance at full scale. ADS1220 was configured for continuous-conversion mode at a 20 SPS data rate

in the software. Then, 1024 samples were recorded by the MSP430 MCU to generate the histogram plot
shown in Figure 46.

Figure 45. Basic Test Setup

The peak-to-peak spread of the codes in the histogram is around 282 codes. Equation 44 calculates the

least-significant bit (LSB) size of the ADC, which is then used to translate the peak-to-peak noise voltage
as given by Equation 44.

2xV, 2x1.62V
1LSB = REF = a—— =12.07nV
GAINx(2%* —1) 16x(2%* -1) (44)
Peak—-to—Peak Noise = 1 LSB x ADC Code Spread = 12.07 nV x 282 = 3.41 puV,, (45)
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8.2

Noise Histogram
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Figure 46. Raw ADC Code Distribution

The peak-to-peak noise can be used to calculate the total noise in degrees Celsius as given in
Equation 46.

Noise Voltage (in nuV, 3.41puV
ge (in pVpp) Wpp — 0.0354°C

Noise (in °C) = — — =
PT100 RTD Sensitivity X Excitation Current 0.385 % X 250p4
(46)

The noise can be further reduced by implementing additional averaging or filtering in the software.

ADS1220 Error Characterization

To test the accuracy of the acquisition circuit alone, a series of high-precision discrete resistors were used
as the input to the system. The offset error can be attributed largely due to the offset of the internal PGA
and ADC, while the gain error can be attributed to the accuracy of the Ry resistor and gain error of the
internal PGA and ADC. The ADC error characterization includes corrections for any mismatch in excitation
currents and offset and gain errors.

The following equipment was used for the testing.

e A 24-V DV power supply with current limit set to 50 mA.
» A 6% digits multimeter, functional as a DC ammeter and connected in series with the power supply.

» Another 6% digits multimeter to measure the high-precision resistors accurately using a 4-W resistance
measurement method as shown in Figure 47.

* A MSP340 emulator (MSP-FET430UIF) for programming and debugging.
» A 250-Q external-load resistor connected in series with the DC power supply and ammeter.

42

Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature TIDU385A-July 2014 —Revised November 2014

Transmitter Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

13 TEXAS
INSTRUMENTS

www.ti.com

Test Data

Figure 47. 4-Wire Resistance Measurement using 6% Digits Multimeter

Use the following steps to carry out the testing.

1.

w

Start with the smallest-value, precision resistor representing RTD resistance at the lowest scale.
Measure the smallest-value, precision resistor's resistance using a 6%z digits multimeter in 4-W mode
and record the measured value. Ensure that the measuring probes make a secure contact with resistor
leads and avoid any human contact, since human contact may affect the resistance measurement.

Immediately connect the resistor already used in step 1. to the board.
Power-up the board.

Test software running in the MSP430 MCU to record the excitation-current and mismatch-corrected
ADC code before and after offset calibration in the internal memory of the MSP430 MCU. The
recorded samples are then exported to an Excel spreadsheet using CCS IDE on the PC. Preserve
these samples safely in the Excel sheet for further calculations.

Repeat these steps until obtaining the highest-value precision resistor representing RTD resistance at
full scale. Keep recording the sample in the Excel spreadsheet.

Gain calibration occurs when a full scale-precision resistor of 390 Q is connected. A 390-Q resistor
corresponds to an approximately 848.36°C temperature, which is quite close to full scale temperature
of 850°C. Then, the gain factor is determined by dividing the full-scale, reference-precision resistor with
measured full-scale resistance after offset calibration. Finally, the gain correction is applied to all the
measured resistances after offset calibration.
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NOTE: Gain Calibration for the ADC: The MSP430 firmware algorithm averages a given number of
measurements with offset correction applied to an expected result with a 390-Q resistor
connected to determine the gain calibration factor. To execute the algorithm, the S2 switch
must be pressed with a 390-Q resistor in place. If there is no previously stored gain
calibration factor, a new one will be determined and stored in flash. Gain calibration should
be performed after compensating for offset error.
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Table 5. Gain Calibration for ADC
A B C D E F=|B-E| G H E J K=|B-1J|
GAIN_FACTOR
*H

Reference Reference ADC output Measured Measured Temperature | ADC output Measured Measured Measured Temperature
precision temperature code with resistance by |temperature error with code with resistance resistance with |temperature |error with
resistor value |corresponding | excitation ADC with by ADC with excitation excitation with excitation | excitation with excitation
measured to measured current excitation excitation current current current current excitation current
using 6% resistance, chopping current current chopping chopping and | chopping and |chopping, offset | current chopping,
digits calculated (Without chopping chopping (Without offset offset and gain chopping, offset and
multimeter in | using offset and (Without (Without offset and calibration calibration calibration offset and gain

4-W mode Callendar gain offset and offset and gain (Without gain | (Without gain | (in Q) gain calibration
(in Q) —Van Dusen calibration) gain gain calibration) calibration) calibration) calibration (in °C)

Equation calibration) calibration) (in °C) (in Q) (in °C)
(in °C) (in °C)

18.952 -199.58 387439 18.705 -199.571 0.009 387310 18.699 18.701 -199.58 4.64E-05
28.796 -176.15 595223 28.737 -176.138 0.012 595092 28.731 28.734 -176.145 0.004764
40.14 -149.14 830366 40.09 -149.12 0.02 830233 40.083 40.088 -149.124 0.015779
43.462 -141.88 892648 43.097 -141.882 0.002 892518 43.091 43.096 -141.885 0.004933
50.06 -125.33 1034108 49.926 -125.326 0.004 1033975 49.92 49.926 -125.327 0.003016
60.256 -100.74 1242014 59.964 -100.719 0.021 1241876 59.957 59.965 -100.718 0.022115
70.332 -75.89 1449494 69.981 -75.875 0.015 1449366 69.975 69.983 -75.8696 0.020408
100 -0.4 2068044 99.845 -0.397 0.003 2067916 99.839 99.85 -0.38291 0.017089
109.735 25.71 2278009 109.982 25.636 0.074 2277868 109.975 109.988 25.65176 0.058237
119.782 51.64 2485909 120.019 51.616 0.024 2485777 120.013 120.027 51.63601 0.003995
129.752 77.83 2693685 130.05 77.783 0.047 2693561 130.044 130.06 77.80792 0.022082
152.835 138.68 3170435 153.068 138.621 0.059 3170315 153.062 153.08 138.6536 0.026405
169.958 184.01 3519889 169.939 183.95 0.06 3519758 169.933 169.953 183.9868 0.023152
219.86 322.34 4555563 219.942 322.231 0.109 4555432 219.935 219.961 322.2865 0.053467
249.845 408.39 5177048 249.947 408.296 0.094 5176932 249.941 249.971 408.3649 0.025075
259.764 437.75 5385026 259.988 437.656 0.094 5384901 259.982 260.012 437.7285 0.021461
282.974 506.23 5861675 283 506.079 0.151 5861553 282.994 283.028 506.162 0.067979
349.92 715.45 7249585 350.008 715.287 0.163 7249449 350.002 350.043 715.3993 0.050681
359.725 747.84 7455099 359.93 747.676 0.164 7454974 359.924 359.967 747.7955 0.044507
368.508 776.84 7636855 368.706 776.654 0.186 7636737 368.7 368.743 776.7793 0.060749
389.896 848.63 8078743 390.04 848.493 0.137 8078627 390.034 390.08 848.6309 0.000948
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Figure 48 shows temperature error before and after applying simple first order offset and gain calibration
over a -200°C to 850°C temperature range. The temperature error still shows some variations, even after
applying the offset and gain calibration. The temperature error is attributed mainly due to nonlinearity
errors associated with the ADC and PT100 RTD look-up table. The nonlinearity errors are difficult to
correct using a simple linear equation. Higher-order polynomial approximation may be used to correct the
nonlinearity errors.

Specification Limit over -200°C to +850°C

7

Measured ADC Error with Current Chopping
(Before Offset & Gain Calibration

TEMPERATURE ERROR (in °C)

/ —Temperature Error Before Ofset & Gain Calibration
/ ——Temperature Error After Offset & Gain Calibration
/’\/\ ——Specification Limit

/ Measured ADC Error with Current Chopping

(After Offset & Gain Calibration

8.3

8.4

TEMPERATURE (in °C)

Figure 48. Measured ADC Error before and after Calibration

DAC Output Current Resolution

For this test, DAC output was programmed for a fixed 4-mA output current. More than 2500 samples were
recorded over time using an 8% digits multimeter. The minimum and maximum currents recorded were
4.00281 mA and 4.00375 mA, respectively. Therefore, the noise-free resolution in terms of output current
is 0.76 pA.

DAC Error Characterization

To perform DAC error characterization, MSP430 MCU was programmed to generate the output-loop
current from 4 mA to 20 mA in steps of 2 mA. The output current increased by 2 mA each time when the
S2 switch was pressed. The output-loop current was measured using an 8% digits multimeter.
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Table 6. DAC Error Characterization
A B C=A-B D E=A-D
Ideal output loop current | Output loop current Output current error Output loop current Output current error
for ideal DAC value measured using an 8%z | before gain calibration measured using an 82 | after gain calibration
applied (in mA) digits multimeter before | (in mA) digits multimeter after (in mA)
gain calibration (in mA) gain calibration
4 4.00079 -0.00079 3.998563 0.001437
6.001443 -0.00144 5.998226 0.001774
8 8.002182 -0.00218 7.998213 0.001787
10 10.00314 -0.00314 9.997894 0.002106
12 12.00336 -0.00336 11.99704 0.00296
14 14.00434 -0.00434 13.99709 0.00291
16 16.00581 -0.00581 15.99776 0.00224
18 18.00755 -0.00755 17.9983 0.0017
20 20.00943 -0.00943 19.99915 0.00085

As shown in Figure 49, without gain calibration, negative gain error is seen in the loop current. This error
increases linearly with loop current. A simple first order gain calibration implemented in the MSP430 fixes
this error as shown in Figure 49. To increase DAC accuracy further, the MSP430 MCU can also further
reduce the remaining error which is offset in nature.

0.005
Output current error after calibration

\ TN\

0.004

0.003

0.002

/ e s —
0.001 e
0
2 3 & 8 10 12 14 16 18 20 32
-0.001 .

Output Loop Current (in mA) ——»
-0.002

T~

-0.003

-0.004

-0.005

Output Loop Current Error [in mA)

0.006 7
Output current error before calibration
-0.007

-0.008

-0.009

-0.01

-0.011

Figure 49. Measured Output Loop Current Error before and after Calibration

8.5 Maximum Measured Error of Complete System

After correcting the ADC and the DAC for gain and offset calibration, a complete system characterization
was performed for maximum-measured error as given in Table 7 and Figure 50. In this setup, a power
supply and a 8% digits multimeter was used for loop-current measurement.
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Table 7. Maximum Measured Error of Complete System after Offset and Gain Calibration of ADC
and DAC

A B C D E F=|B-E|
Reference precision | Reference Ideal loop current Measured output Measured
resistor value temperature based on reference | loop current of the temperature error of
measured using 6%2 | corresponding to precision resistor system for complete system
digits multimeter in | measured (in mA) connected (in °C)
4-W mode (in °C) resistance, reference precision

calculated using resistor (in mA)

Callendar Van

Dusen Equation

(in°C)
20 -196.57 4.052267 4.05143 -196.625 0.054906
33.027 -165.99 4.518248 45173 -166.052 0.062188
49.892 -125.41 5.13661 5.1356 -125.476 0.06625
59.927 -100.81 5.511467 5.5103 -100.887 0.076562
99.816 -0.47 7.040457 7.0392 -0.5525 0.0825
109.95 25.56 7.437105 7.4358 25.47438 0.085625
120 51.54 7.83299 7.83155 51.44547 0.094531
130.03 77.73 8.232076 8.2306 77.63313 0.096875
169.92 183.9 9.849905 9.848 183.775 0.125
219.94 322.23 11.95779 11.9558 322.0994 0.130625
229.99 350.78 12.39284 12.39075 350.643 0.137031
249.95 408.3 13.26933 13.2669 408.1403 0.159688
259.99 437.66 13.71672 13.7137 437.4616 0.198438
299.88 557.32 15.54011 15.538 557.1813 0.13875
350.02 715.32 17.94773 17.9463 715.2259 0.094062
360.07 748.1 18.44724 18.4461 748.0253 0.074687
369.98 780.89 18.9469 18.946 780.8313 0.05875
389.67 847.23 19.95779 19.959 847.3094 0.079375

/ Specification Limit over -200°C to +850°C

=]
s
Lh

Maximum Measured Error of System

; \/\
—_— — \/

=
(%))

Temperature Error (in °C)

-400 -200 o 200 400 600 200 1000
Temperature (in °C)

Figure 50. Maximum Measured Error of Complete System

48 Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature TIDU385A—July 2014—Revised November 2014

Transmitter Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

13 TEXAS
INSTRUMENTS

www.ti.com Test Data

8.6 Power Supply Influence

For the power-supply influence test, the power supply was vetted from 10 V to 33 V and the

corresponding loop-current change was recorded. The DAC output was programmed for fixed 4-mA output
current for this measurement. The total deviation of loop current across the power supply range was
approximately 0.30 pA, as shown in Figure 51.

! --——=== s Loop current - :
measured at 10V Total input supply voltage
q ; i z measured by DMM

~ = Loop current - f:
measured at 33V .

Total input supply voltage
measured by DNM

Two power supplies |
g connectedin Serles |

Figure 51. Power Supply Influence on the Output Loop Current

8.7 Reverse Polarity Test

For this test, a 24-V power supply was connected to the J1 loop interface connector in reverse polarity
without any polarized capacitor, as shown in Figure 52. The leakage current drawn by the system
recorded was only 0.2 pA.
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= - Powersupply connected
in reverse polarity

Figure 52. Reverse Polarity Protection Test Setup
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8.8 Pre-compliance Surge Transient Immunity Test
The complete test setup and CDN clamp setting for pre-compliance surge transient immunity test are
shown in Figure 53 and Figure 54, respectively.

Decade Load Box
Setto 2500

PC based EM Test
Software to Remote
Control Surge Generator

24V Battery for Loop
t Power Supply

Coupling/De-coupling
Network (CDN)

System Under Test

Figure 53. Surge Transient Immunity Test Setup

Two clamps setup for
differential surge

Single clamp to
System Under Test couple surge voltage
to LOOP+ with
respect to LOOP-

Figure 54. Clamp Setting on CDN for Differential Surge
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Note: This 3.3V zener diode is note a part of the
existing design. So, it doesn’t have solder pads on the
D? PCB. It was soldered manually between OUT pin and
3.3V GND on temporarily basis just for the surge transient
immunity test.

L1

= :
1000 ohml
Lc1o c1

D6
40V
0.65V

u2 ZHCS350TA

vD

0.1uF 0.1pF 3

> LOOP-

VA
= J_r \—:f CcomMD g
o oD COMA n > LOOP_PWR

GND
DAC CLK L spo -8 DAC SOML_ s som MMSZ4686T1G
39V o~ c18
DAC Cs 6 1, = —=50v
csB NC —< ; 0.014F 10uF
DAC SIMO 5 16 1 100V X7R
SDI BASE I\ Q1
10 ERRLVL ERRB z > nDAC_ERROR o MMBTJ504

Cc1

c2
123 AP
DAC1615997RGH T R15 LOBP-

Figure 55. Additional 3.3-V Zener Required as Secondary Protection for DAC

3.3V/3W Zener Diode

r_| 5'._

ez o

__T - I- ||.t|;| ' F _.

Figure 56. Mounting of 3.3-V Zener Diode for Surge Testing

For the surge transient immunity test, the 300-Q resistor in the break-out | section was selected by switch
S1 as a constant input to ADS1220, which makes DAC161S997 output fixed- loop current. The loop
current was measured before and after the strike.

Table 8. IEC 61000-4 Test

IEC 61000-4 TEST RESULT

IEC 61000-4-5: Surge transient immunity test; +1kV line-line Meets category B.

(DM) between loop power inputs (J1 connector). Five pulses of | The system does not suffer any permanent damage and was
each polarity. Time between the two consecutive pulses was 60 | found functional when monitored before and after the surge.
seconds, 42-Q coupling impedance, 8/20 psec.

NOTE: The surge transient immunity test was performed only on loop-power input, that is, the J1
interface connector.
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9 Design Files
9.1 Schematics
R2
—————W\——>>00P_PWR
100
0.5% us
vee
D2
& N out 1 s
p BAT41KFILM [—5 EN R14
100V 3 s
ol D5 0.2A 7 PG ==X $22.1k c15
ol2 SMBT39CA —=cs & DELAY 2 0.01yF ==C17
39V 0.01uF ==c2 4 oo FB—] 10uF
5-534206-1 100V 10uF 9 | paD N —8<
SR18
TPS7A1601DRB 212.4k
KLoor- = = = =
GND GND GND GND
vee
L1
—1
| Se—
1000 ohm
—=C19 —_C1 U2 D6
0-1uF 0-1uF 3w out -2 »LOOP-
15
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= — 1| 0.2A 2 1 >LOOP_PWR
N GND -
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DAC CS 6 1 ) ==C3 —=s50v
DAC_CS ) csB NC 3¢ . 001 T 10pF
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Figure 57. Schematics - Page 2
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Figure 58. Schematics - Page 3
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9.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00165.

Table 9. BOM

FITTED DESCRIPTION DESIGNATOR FOOTPRINT MANUFACTURER PARTNUMBER QUANTITY ROHS

Fitted Printed Circuit Board |!PCB1 Any TIDA-00165 1 (0]

Fitted CAP, CERM, 0.1uF, C1, C7,C13, C19 0402 TDK C1005X5R0J104K 4 Y
6.3V, +/-10%, X5R,
0402

Fitted CAP, CERM, 10uF, C2,C18 1210 MuRata GRM32ER71H106KA |2 Y
50V, +/-10%, X7R, 121
1210

Fitted CAP, CERM, 0.01uF, |C3,C6 0603 TDK C1608X7R2A103K 2 Y
100V, +/-10%, X7R,
0603

Fitted CAP, CERM, 0.47uF, [C4 0402 MuRata GRM155R60J474KEL | 1 Y
6.3V, +/-10%, X5R, 9D
0402

Fitted CAP, CERM, 2200pF, | C5 0402 MuRata GRM155R70J222KA0 | 1 Y
6.3V, +/-10%, X7R, 1D
0402

Fitted CAP, CERM, 2700pF, | C8, C11 0402S MuRata GRM155R72A272KA |2 Y
100V, +/-10%, X7R, 01D
0402

Fitted CAP, CERM, Cc9 0603S Kemet CO0603C273K1RACT |1 Y
0.027uF, 100V, +/- U
10%, X7R, 0603

Fitted CAP, CERM, 1000pF, | C10 0402 MuRata GRM155R60J102KA0 | 1 Y
6.3V, +/-10%, X5R, 1D
0402

Fitted CAP, CERM, 4.7uF, C12 0402 TDK C1005X5R0J475M05 |1 Y
6.3V, +/-20%, X5R, 0BC
0402

Fitted CAP, CERM, 0.22uF, |C14, C16, C25 0402 MuRata GRM155R60J224KEO | 3 Y
6.3V, +/-10%, X5R, 1D
0402

Fitted CAP, CERM, 0.01uF, |C15 0402 MuRata GRM155R70J103KA0 | 1 Y
6.3V, +/-10%, X7R, 1D
0402

Fitted CAP, CERM, 10uF, Cc17 0805_HV MuRata GRM21BR70J106KE |1 Y
6.3V, +/-10%, X7R, 76L
0805
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Table 9. BOM (continued)

FITTED DESCRIPTION DESIGNATOR FOOTPRINT MANUFACTURER PARTNUMBER QUANTITY ROHS

Fitted CAP, CERM, 6800pF, | C20 0402 MuRata GRM155R71E682KA |1 Y
25V, +/-10%, X7R, 01D
0402

Fitted CAP, CERM, 1800pF, | C21, C24 0402S MuRata GRM155R72A182KA |2 Y
100V, +/-10%, X7R, 01D
0402

Fitted CAP, CERM, Cc22 0603S Kemet CO0603C183K1RACT |1 Y
0.018uF, 100V, +/- U
10%, X7R, 0603

Fitted CAP, CERM, 0.39uF, |C23 0402 MuRata GRM155R61A394KE |1 Y
10V, +/-10%, X5R, 15D
0402

Fitted Diode, Schottky, 40V, | D1, D4 SOD-523 Diodes Inc. ZHCS350TA 2 Y
0.35A, SOD-523

Fitted DIODE SCHOTTKY D2, D6 SOD-523 ST Microelectronics BAT41KFILM 2 Y
100V 0.2A SOD523

Fitted Diode, Zener, 3.9V, D3 SOD-123 ON Semiconductor MMSZ4686T1G 1 Y
500mW, SOD-123

Fitted TVS DIODE D5 SMB STMicroelectronics SM6T39CA 1 Y
33.3VWM 69.7VC
SMB

Fitted Connector, J1 CONN_534206-1 TE Connectivity 5-534206-1 1 Y
Receptacle, 100mil,
2x1, Gold plated, TH

Fitted Header, 4x1, 50mil, J2 Mill-Max_850-10-004- | Mill-Max 850-10-004-20- 1 Y
R/A, TH 20-001000 001000

Fitted Header, 4x1, 50mil, J3 Mill-max_850-10-004- | Mill-Max 850-10-004-40- 1 Y
R/IA, SMT 40-001000 001000

Fitted 0.25A Ferrite Bead, L1, L2 0402 MuRata BLM15HG102SN1D 2 Y
1000 ohm @
100MHz, SMD

Fitted Transistor, NPN, 40V, | Q1 SOT-23 Fairchild MMBT3904 1 Y
0.2A, SOT-23 Semiconductor

Fitted RES, 100 ohm, 0.5%, | R2 0603 Yageo America RTO603DREO7100RL |1 Y
0.1w, 0603

Fitted RES, 300 ohm, 0.1%, | R3 0603S Susumu Co Ltd RG1608P-301-B-T5 1 Y
0.1w, 0603

Fitted RES, 47k ohm, 5%, R4 0402 Vishay-Dale CRCWO040247K0JNE |1 Y
0.063W, 0402 D

Fitted RES, 4.12k ohm, R5, R13, R16, R19 0603S Susumu Co Ltd RG1608P-4121-B-T5 |4 Y
0.1%, 0.1W, 0603
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Table 9. BOM (continued)

FITTED DESCRIPTION DESIGNATOR FOOTPRINT MANUFACTURER PARTNUMBER QUANTITY ROHS

Fitted RES, 47 ohm, 5%, R6, R8, R11 0402 Vishay-Dale CRCWO040247R0JNE |3 Y
0.063W, 0402 D

Fitted TRIMMER 500 OHM | R7 Bourns_3223W Bourns 3223W-1-501E 1 Y
0.125W SMD

Fitted RES, 100k ohm, 5%, |R9, R12 0402 Vishay-Dale CRCWO0402100KJNE |2 Y
0.063W, 0402 D

Fitted RES, 0 ohm, 5%, R10 0402 Vishay-Dale CRCWO04020000Z0E |1 Y
0.063W, 0402 D

Fitted RES, 22.1k ohm, 1%, |R14 0402 Vishay-Dale CRCWO040222K1FKE |1 Y
0.063W, 0402 D

Fitted RES, 20.0 ohm, 1%, |R15 0402 Vishay-Dale CRCWO040220ROFKE |1 Y
0.063W, 0402 D

Fitted RES, 3.24k ohm, R17 1206L TT Electronics/IRC PFC-W1206R-12- 1 Y
0.1%, 0.333W, 1206 3241-B

Fitted RES, 12.4k ohm, 1%, |R18 0402 Vishay-Dale CRCWO040212K4FKE |1 Y
0.063W, 0402 D

Fitted Switch, Slide, SPDT |S1 SW_CAS-120TA Copal Electronics CAS-120TA 1 Y
100mA, SMT

Fitted Switch, Push Button, | S2 SW_SKRKAEEOQ10 Alps SKRKAEEO010 1 Y
SMD

Fitted Low-Power, Low- Ul RVAO0016A Texas Instruments ADS1220IRVA 1 Y
Noise, 24-Bit Analog-
to-Digital Converter
for Small Signal
Sensors, RVA0O016A

Fitted 16-bit SPI u2 RGHO016A Texas Instruments DAC161S997RGH 1 Y
Programmable DAC
for 4-20mA Loops,
RGHO016A

Fitted 60-V, 5-pA 1Q, 100- u3 DRBO008SA Texas Instruments TPS7A1601DRB 1 Y
mA, Low-Dropout
Voltage Regulator
with Enable and
Power-Good,
DRBOO0O08A

Fitted 24 MHz Mixed Signal | U4 RGE0024G Texas Instruments MSP430FR5738IRGE | 1 Y
Microcontroller, 1024
B SRAM and 17
GPIOs, -40 to 85
degC, RGE0024G

Not Fitted RES, 0 ohm, 5%, R1 0402 Vishay-Dale CRCWO04020000Z0E |0 Y
0.063W, 0402 D

TIDU385A—-July 2014—-Revised November 2014

Submit Documentation Feedback

Copyright © 2014, Texas Instruments Incorporated

Small Form Factor, 2-Wire, 4- to 20-mA Current-Loop, RTD Temperature 57

Transmitter


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU385A

i3 TEXAS
INSTRUMENTS

Design Files www.ti.com

9.3 Layer Plots
To download the layer plots, see the design files at TIDA-00165.

NOTE: All artwork is viewed from the top side.
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Figure 59. Top Overlay
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Figure 64. Bottom Electric (Bottom Layer)
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Figure 65. Bottom Solder Mask
Figure 66. Bottom Overlay
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Symbol |H1t Count [Tool Size Plated |Hole Type
o 21 8mil (0. 203mm) NPTH Round
= 80 8mil ¢0.203mm) PTH Round
v 4 25.591m1 (0.65mm> |PTH Round
o 2 35.039m11 ¢0.89mm) |PTH Round
107 Total

DRILL TOLERANCE
FOR NPTH +,- 2MIL

HE T e T o - EXCEPT 8MIL DRILL +,- 3MIL

I R T | FOR 8 MIL DRILL +0,/-8 MIL

Figure 67. Drill Drawing

f 71.12mm ﬂ

=

5. 99mm

=

<—1000 (mi1l)—>
Figure 68. Layer Plot 10 - Board Dimensions

9.4 Assembly Drawings

e R

Figure 69. Top Assembly Drawing

o —

Figure 70. Bottom Assembly Drawing

9.5 Altium Project
To download the Altium project files, see the design files at TIDA-00165.
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L
il | \_J""
Figure 72. Altium Top Layer
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9.6 Gerber Files
To download the Gerber files, see the design files at TIDA-00165
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Figure 73. Fabrication Drawing
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9.7 Software Files

To

download the software files, see the design files at TIDA-00165.
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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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