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ABSTRACT

Field transmitters are used extensively in factory automation and control-to-sense process parameters like
temperature, pressure, and flow rate, to name a few. This information is then relayed to a programmable
logic controller (PLC) to make real time decisions that impact the efficiency and reliability of an industrial
system. The sensors used in the field transmitters are mostly analog sensors that must be sampled
accurately using an analog front-end (AFE). Due to the operational conditions that arise from the
placement of the field transmitters, it may be subjected to wide varying temperature conditions and hence,
require some form of temperature compensation. Traditionally, accurate temperature sensors like Class-
AA resistance temperature detector (RTD) are used in such temperature compensation systems.

Texas Instruments now offers the TMP117, which is a high-accuracy and low-power integrated
temperature sensor, that can effectively replace Class-AA RTD in a host of field transmitter applications.
This application note intends to serve as a comprehensive design guideline for customers looking for
precision sensing with field transmitters, while drastically reducing the overall system complexity,
development time, and cost when compared to an RTD.
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Trademarks

SMBus is a trademark of Intel Corporation.
All other trademarks are the property of their respective owners.

1 Introduction

A field transmitter is a device that can convert the signal produced by a sensor into an instrumentation
signal which can then be transmitted to an indicating or controlling device. The field transmitter often
combines both the sensor and the transmitter in a single system. Figure 1 shows the block diagram for a
temperature transmitter for a thermocouple with Cold Junction Compensation (CJC). As can be seen in
the block diagram, a typical signal chain has an AFE that can convert the analog signal from a sensor to a
digital signal. The signal can be processed by a microcontroller (MCU), and the data can be transmitted
wirelessly or over a wired bus depending on the system requirements.
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Figure 1. Temperature Transmitter Block Diagram
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2 System Description

One of the most common uses for high-accuracy RTDs is in temperature transmitters where RTDs are
used as the main precision element for cold junction compensation (CJC). The following sections will
briefly describe a typical temperature transmitter with an RTD as the CJC element. Also, while the RTD
can conceptually be treated as a sensor, the designer must carefully consider which components to use
and where to place them to achieve a high degree of precision for temperature compensation. Equation 1
shows a simplified version of the resistance equation.

Ri=Ryx (1 +AxT+BxT*+CxT®x (T-100))
where
* R;is the resistance at temperature T°C
*« R, is the nominal resistance at 0°C
« A, B and C are constants used to scale the RTD. Q)

Table 1. Constant Value per Standards

Standard Temperature Coefficient (o) A B C*

DIN 43760 0.003850 Q/Q/°C 3.908 x 107 -5.8019 x 107”7 —4.2735 x 1072

American 0.003911 Q/Q/°C 3.9692 x 10°° —-5.8495 x 107~/ —4.2325 x 10712
ITS-90 0.003926 Q/Q/°C 3.9848 x 10°° -5.870 x 10~/ —4.0000 x 10712

NOTE: This is for temperature below 0°C only; C = 0.0 for temperatures above 0°C.

2.1 RTD Description

An RTD most commonly consists of a thin gauge pure metal platinum wire wound on a ceramic housing
(wire-wound) or in the form of a metal-coated substrate (film-type). Table 2 shows the accuracy for
different RTD type by class. RTD typically are 100-Q platinum type, but can also be in a 500-Q or 1000-Q
type. The basic theory of operation for an RTD is based on the change of resistance of the platinum wire
with temperature. This temperature coefficient of resistance is characterized by the parameter a; and is
the linear approximation of the resistance versus temperature between 0°C and 100°C.

Table 2. RTD Accuracy by Class and Type

RTD \T/véae[;\elz\{'g?unri TJ;?;;LTW Tolerance Resistance at | Error at 100°C Error Over Wire-
Class Range Range Value (°C) 0°C () (@) Wound Range (°C)
AA -50°C to +250°C 0°C to +150°C +(0.1+ 100 £ 0.04 0.27 0.525
0.0017xT) - ’ ’
A —100°C to +450°C -30°C to +300°C (015 + 100 £ 0.06 0.35 1.05
0.002xT) - ’ ’
° ° o ° + (0.3 +
B -196°C to +600°C -50°C to +500°C 0.005xT) 100 £0.12 0.8 3.3
C -196°C to +600°C -50°C to +600°C £(06+ 100 £ 0.24 1.6 6.6
0.01xT) - ) :

An RTD construction topology may be a 2-wire, 3-wire, or 4-wire type described in the following sections.
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211 2-Wire RTD

Figure 2 shows a 2-wire construction for an RTD. It is the least accurate construction and is used mostly
when there are short lead wires or when accuracy is not a consideration, as the resistance of the lead
wires also add to the measured resistance.

V+
Constant
Voltage Source
R1 Rz
1
2-WIRE
RTD SENSOR Rs +
2 v
p
Figure 2. 2-Wire RTD Circuit
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2.1.2 3-Wire RTD

Figure 3 shows a 3-wire construction for an RTD. It is the most commonly used construction in industrial
application. The third wire provides a method for removing the average lead wire resistance from the
sensor measurement.
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Figure 3. 3-Wire RTD Circuit
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213 4-Wire RTD

Figure 4 shows a 4-wire construction for an RTD. In this construction, the actual resistance of the lead
wires can be determined and removed from the sensor measurement. The current flows between leads 1
and 4, and the voltage sensing is done between leads 2 and 3. Almost no current flows in leads 2 and 3,
therefore the measurement of the voltage across the sense element is very accurate. If there is some
distance involved, however, this method is expensive.
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Figure 4. 4-Wire RTD Circuit
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2.2

TMP117 Description

The TMP117 is a high-precision digital temperature sensor which provides a 16-bit result with a resolution
of 0.0078°C and an accuracy of up to £0.1°C across the —20°C to +50°C temperature range with no
calibration. The TMP117 is I1°C- and SMBus™ interface compatible, has a programmable alert function,

and can allow up to four devices on a single bus. The overall accuracy of the TMP117 across its operating
range is given in Table 3.

Table 3. TMP117 Accuracy Specification

Temperature Range Accuracy
—20°C to +50°C +0.1°C
—40°C to +100°C +0.2°C
—55°C to +150°C +0.3°C

The accuracy of the TMP117 versus an RTD is plotted in Figure 5 across the operating temperature range
of -55°C to +150°C. It is evident looking at the Figure 5 that the TMP117 with no calibration has the same
or better accuracy as an RTD Class-AA sensor. Note that this is the raw accuracy of the two devices and
that the final system layout has a minor effect on the TMP117 and a major effect on the accuracy of an
RTD sensor due to a number of parameters like the choice of ADC, layout of signal traces, component
tolerances, and so forth. For further details on how to calculate the system level accuracy of an RTD
sensor, refer to . As can be seen in the reference article, the extensive calibration required for an RTD
system implementation is not necessary for the TMP117.
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Figure 5. Accuracy Chart for TMP117 and RTD
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2.3

Thermocouple Temperature Transmitter With CJC

Having gone through some basics on RTD, this section will elaborate on temperature transmitters that use
RTD for CJC. Temperature transmitters commonly use thermocouples because they can withstand
temperature extremes. A thermocouple consists of two dissimilar metals joined together to form two
junctions. The voltage generated by this construction is a function of the temperature difference between
the two junctions and is referred to as the Seebeck effect. The sensing junction is commonly referred to as
the hot junction, while the measuring or reference junction is referred to as the cold junction. The cold
junction consists of a third metal like copper, therefore, the temperature must be accurately known for the
cold junction to determine the actual temperature at the hot junction.

An RTD in 3-wire construction is commonly used to measure the cold junction temperature due to its
accuracy and repeatability of the measurements. Other temperature-sensing elements like thermistors
may be used, but this requires a substantial amount of software for the linearization of the curve, and
accuracy may be a problem. An RTD as the CJC element, requires special circuit handling to make sure
that the accuracy can be maintained. A very common yet effective circuit for RTD uses a ratiometric
measurement as shown in Figure 6.

As can be seen in the representative circuit diagram, the system requires a precision ADC with current
source muxing and high resolution. Even though the reference voltage is generated using the same
current source, the temperature tolerances of the resistor need to be stringent to avoid a large change in
the reference voltage due to temperature drift caused by the resistor. Thus, the cost of the three crucial
components, namely the RTD, the ADC, and the reference resistor, is much higher due to the system
performance requirement.

8
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Figure 6. 3-Wire Ratiometric RTD Circuit
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23.1 CJC Circuit Analysis for RTD

As shown earlier in Figure 6, for measuring the cold junction temperature with a 3-wire RTD, currents |,
and |, are sourced by the ADC into the leads 1 and 2 of the RTD. This results in the voltage difference,
Ve, that is generated across the leads and then sampled by the ADC. The sum of the currents |, and |,
is used to generate a reference voltage across the reference resistor Rger. Ideally, the two currents should
match. Like in any real system, however, there is a certain amount of mismatch.

To compensate for the mismatch, the current sources are then swapped so that current I, and |, are now
sourced by the ADC into leads 2 and 1 (as shown in Figure 7). As the sum of the current does not
change, the reference voltage generated across Rgee remains the same. On conversion, the V., Voltage
sensed by the ADC causes the mismatch to be effectively eliminated when the V-, is averaged with the

Voire1-

Vee
I ’-—-m\
1 ) \
1 YR
i\ vf/l A {a‘
|
B -
‘ VIE [i, L
TEL
3 Wire RTD
2 L
P
RLEAD Vin+
E!\‘-'ﬁ\'ﬁ” - l —» “
Reo: 2 VDIFF2 P _/
’ in- / 24 bit
ReR—] ¢ Virn B pen > (2P| g SPItoMCU
= i g
Rizan = 11
Ref+
[ T
I J—
RREF f{j
j Ref-|
" LA} -
Internal
Temperature
Reference

Figure 7. Current Source Mismatch Compensation for RTD

The effective Ve can now be converted to a temperature using Equation 1, or by means of a look-up
table in a MCU. While this seems very effective, the MCU has to perform two conversions to get an
accurate temperature measurement. This is one of the most crucial steps in temperature measurement for
the cold junction.

10
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The ADC that is used for such a conversion would require to be a specialized ADC to allow muxing the
current source that may not be a low-cost ADC. Also, the reference resistor that used Rge must be a
precision resistor with a tolerance of 0.1% or better so that the temperature change at the cold junction
does not cause the reference voltage to shift. This is not a trivial cost increase for the system due to
requirements for specialized components.

2.3.2 CJC Circuit Analysis With TMP117

The circuit for CJC can be incredibly simplified using the TMP117 high-precision digital temperature
sensor. Figure 8 shows a typical block diagram for the application of TMP117 in CJC. The external
components required to sense the temperature with the TMP117 is limited to a minimum of two pullup
resistors for the I’C-interface and one decoupling capacitor. At the same time, these components do not
require high tolerances, which drastically decreases the cost of the system implementation. Also the large
number of components for the temperature compensation circuit with RTD is no longer required and a
simpler but precise ADC can be used for sensing the thermocouple.

Vcc
=
& - T /" 24 bit
o VTC paa > " | 3—» SPItoMCU
- o w, LAADC
/./—9.\
TC1 - \
TMP117 [ » |°C to MCU

Figure 8. TMP117 Block Diagram for CJC

2.3.3 Component Placement Analysis

The following images show the placement and routing of a high-precision sigma-delta ADC along an RTD-
based CJC design. For reference, the isothermal block shown is approximately 740 mils wide.

NOTE: One mil is equal to one-thousandth of an inch.
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Figure 9. RTD Top Layer Placement
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Figure 10. RTD Internal Layer Placement
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Figure 11. RTD Bottom Layer Placement

As can be seen in Figure 9 to Figure 11, a lot of the components for the design must be squeezed into a
small space, which complicates the routing and requires EMI and noise consideration. At the same time,
the circuit designer may have to perform multiple iterations of the board development based on the
simulation and actual results from testing, which increases the cost and time for the development of the
field transmitter.

Figure 12 shows the same component placement for the TMP117 in a isothermal block.
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TliP117 SOA

Figure 12. TMP117 Placement
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Figure 13. TMP117 3D Placement View

Figure 13 shows a 3D model of the same placement. For reference, the end-to-end placement of the
TMP117 and its decoupling capacitor is approximately 220 mils. The pullup resistors are not required in
the thermally-critical area, thus reducing the complexity of the layout. As a digital temperature sensor, the
communication noise may have a small effect on the temperature sensed by the TMP117. This saves a lot
of time and redevelopment costs for the system designer.

234 Energy Consumption Analysis
The previous section highlighted the effect of an RTD on the cost of the system. This section highlights
the effect an RTD-based system has on power consumption. A field transmitter may be battery-powered
or line-powered. In the former case, it is necessary that the amount of energy consumed is as low as
possible. The energy consumed by a circuit can be described by Equation 2.
Energy = Voltage x Current x Time 2
For further analysis, this example uses a precision ADC with the specifications for recommended
operating conditions listed in Table 4. This ADC is a reference design for a temperature transmitter with an
RTD element for CJC.
Table 4. ADC Specification and Parameters
Parameter 3 g
Parameter Name Description Min Typ Max Units
lavop? 2 Core supply current - 235 300 HA
liovopt 10 supply current - 20 35 pA
| AVDD-ncrease Independent of mode - 19 25 pA
lreet Reference Current - 250 - HA
Fsavp! Sampling Rate - 25 - SPS
16 RTD Class-AA Replacement With High-Accuracy Digital Temperature SNOAA16A—November 2018—Revised August 2019
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235

NOTE: 1. All parameters assume a supply voltage of 3.3 V.

2. Gain of 16 for RTD measurement

To solve the energy equation, the designer must calculate each part of the equation separately. As
already established to improve the loss of accuracy arising due to current mismatch, the designer must
perform the data acquisition twice. Hence, total active time for the RTD measurement can be calculated in
Equation 3:

Time =2+ FSAMP (3)
So, Time =2 + 25 Hz =80 ms
The total current consumed during the active time is a sum of the current as given in Table 4 and can be

calculated in Equation 4:
Current = IAVDD + IIOVDD + IAVDD—Increase + 2 X IREF (4)

So, Current = 235 pA + 20 HA + 19 HA + 2 x 250 HA = 774 PA

The supply voltage is 3.3 V for both the core and the IO, therefore, this data can now be fed back into
Equation 2.

Energy = 3.3V x 774 pA x 80 ms = 204.336 pJ

The energy consumed by the ADC during RTD measurements shown here are for the typical condition,
assuming that there is instantaneous communication between the MCU and the ADC. In real systems, this
is a non-zero time parameter, along with the actual current consumption for the ADC, is based on the
operating environment. Also, this does not take into account the current consumption by the MCU, which
is waiting on the conversion result to perform CJC.

When the CJC system is based on the TMP117 to achieve + 0.1°C accuracy, the operating conditions
specified is for eight averages with a total active time of 125 ms. The quiescent current during an active
measurement as per the TMP117 datasheet is 135 pA. Solving Equation 2 for TMP117 results in:

Energy = 3.3V x 135 pA x 125 ms = 55.6875 pJ.

The energy savings is almost 73% for the TMP117 compared to the RTD-based temperature sensor.
Section 2.4 shows how this energy savings can have a more profound effect at a system level.

Self-Heating Analysis

A critical factor that engineers must take into account when designing a system with an RTD sensor is to
calibrate the system for the effects of self-heating from the sensor. All three of the RTD constructions
shown in this document require a constant current source to drive a known current through the RTD
sensor to measure a voltage that is proportional to the resistance, and in turn is proportional to the
temperature. If the constant current source is too small, then the voltage is too small by Ohm's law.
Hence, Tl recommends that the system designer increase the current flowing through the RTD sensor to
make the measurements more accurate.

The effect that self heating, however, must also be factored into the overall accuracy. The temperature
rise due to self heating is given by Equation 5.

AT = (12 X Rgpp) X 0

where
e AT = the change in temperature due to self heating
» | =the excitation current
* Rgpp = the resistance of the RTD at the temperature of measurement
* 0 = the self heating coefficient in °C/mW (5)

As the excitation current is increased, the temperature rise due to self heating increases by a square
factor. Also, with the changing RTD resistance, the effect of self-heating at higher temperatures of
operation is more pronounced. There are techniques to compensate or reduce the effect of the drift error
so introduced, which require either a full-scale calibration or specialized sigma-delta converters. In either
case, the cost and complexity of the RTD-based compensation circuit increases.
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On the contrary, with the TMP117, the average power is very small due to significant standby time
between short temperature conversion time. This makes the self-heating effect negligible and simplifies
the system designer's task, as they have one less effect to consider that impacts the accuracy of the
design.

Software Analysis

The previous sections described the design considerations of RTD vs TMP117 that must be carefully
understood and analyzed by a system designer. However, these considerations also manifest in terms of
software development. In both system examples of RTD and TMP117-based CJC, the thermocouple
output must be sampled by the AFE. As described in Section 2.3.4, however, the RTD must be sampled
twice to reduce the effect of the mismatch due to the current source on the RTD measurement. Taking the
sampling rate of 25 SPS as mentioned in Table 4, the software flow is graphically shown in Figure 14.

o —

ADC/AFE . -

40 ms

A0 ms A0 ms A0 ms

Thermocouple c:ata acquisition RTD data acquisition
AFE Configuration
ADC Conversion
AFE to MCU Data Transfer
MCU Processing
MCU Idle

Figure 14. RTD Software Time Graph

As can be seen in time graph for RTD, the MCU must remain in idle time longer and also process the data
from the AFE more times, thus resulting in higher energy consumption from a system perspective.
However, this can be simplified with the TMP117 (see Figure 15).
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AFE to MCU Data Transfer
MCU Processing

MCU Idle

Figure 15. TMP117 Software Time Graph

As seen in the TMP117 software time graph, the TMP117 temperature sensing can be started in parallel
to the thermocouple data acquisition. This allows the MCU to spend far less time in active and idle state,
and more time in an ultra-low power state, thus reducing the overall system energy consumption. The

actual value for the savings would vary from the choice of MCU selection, but is significant nonetheless.

3 Related Designs

TIDA-010019 demonstrates design and evaluation of several different CJC blocks using a selection of
analog and digital IC temperature sensors alongside an RTD solution. Figure 16 shows the functional
blocks of the design, which include the TMP117 (digital) and LMT70 (analog) ultra high accuracy
temperature sensors, as well as the LMTOL1 (2-pin pulse) and the TMP235 (analog) temperature sensors
to span the range of accuracy and features. For more information, the design guide and design files can
be found at http://www.ti.com/tool/TIDA-010019..
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Figure 16. TIDA-010019 Block Diagram
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4 Summary

This application report described two methods for CJC for temperature transmitters with the same level of
accuracy. A system-based on TMP117 high-precision temperature sensor helps reduce system design
complexity, and lower system cost and development time compared to an RTD class-AA sensor. At the
same time, the energy savings of at least 73% helps improve the overall life of temperature transmitter in
field. The same method can be applied by system designers to other field transmitters where temperature
compensation is required, and they can realize more simple and cost-effective systems without the need
for extensive calibration with the TMP117.

5 References

The following related material have been used for the application report:

 TMP117 +0.1 °C Accurate Digital Temperature Sensor.

» Excitation Current Mismatch Effects in Three-wire RTD Measurement Systems.

* RTD Replacement for Cold Junction Compensation Reference Design in a Temperature Sensor

(TIDUEE1)
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