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RL78 Internal Temperature Sensor Calibration (Using IAR Toolchain)
Introduction
The following document describes a method to improve the internal temperature sensor accuracy of the RL78 MCU by
performing a calibration. A sample project and evaluation data is also provided.

Target Device
RL78 Family
(The sample project was developed for RL78/G13 RSK (Renesas Starter Kit) using IAR Embedded Workbench.)
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1.

RL78 Internal Temperature Sensor Calibration

Introduction

The RL78 MCU family has an integrated temperature sensor. The temperature sensor provides a voltage that is
proportional to the temperature. The sensor is internally connected to the ADC block to allow monitoring the sensor
voltage. The internal voltage reference of the RL78 allows using the temperature sensor without requiring an external
voltage reference to the MCU. The temperature sensor is fairly linear; however, it does have a significant offset which
a single point calibration can easily compensate for. This document will discuss the expected performance of the
temperature sensor and provide a method to perform a simple single point calibration.

2.

Temperature Sensor Characteristics

The internal temperature sensor of the RL78 MCU provides a voltage that is proportional to temperature. The nominal
output voltage of the sensor is 1.05V at 25 degrees C. The sensor voltage changes -3.6 mV/°C. The sensor has an
internal connection to the analog-to-digital converter (ADC) of the RL78 MCU. Since the output of the sensor is a
voltage there must be a known reference voltage provided to the system. There are two options that can be used when
using the sensor. The first option is to use an external reference voltage as shown in Figure 1.
Vdd
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Figure 1
The figure shows a reference diode connected to the external ADC reference inputs of the MCU. In this configuration
the ADC reading of the temperature sensor can be converted to temperature using the formula below:
Temp = [Vref *(ADCreading/ADCfull_scale) – 25Cnominal Voltage]/ Sensor_gain +25C
For the RL78/G13 temperature sensor using a 10 bit conversion this would simplify to
Temp = [Vref *(ADCreading/1024) – 1.05V]/-3.6 mV/degC + 25C
In figure 1 the AVrefm input is used for the negative side of the reference diode. The ADC could be configured to use
Vss as the negative side reference for the ADC converter then the AVrefm pin could be used for other purposes. In that
case the negative side of the diode would be connected to Vss
An external reference diode is an extra cost that is not necessary using the RL78 since it has an internal reference
voltage. However, this reference voltage cannot be used as Vref when converting the temperature sensor. Therefore
Vdd is used as Vref when converting the voltage sensor and the temperature sensor. Since the ADC can be configured
to provide an internal connection using Vdd as Vref this also frees up the AVrefp pin.
This does not really make the calculation that much more complicated . When converting the internal voltage reference
we have the following relationship
ADCvolt = Vint/Vref * 1024
where:
ADCvolt = adc conversion result when measuring internal reference voltage
Vint = Internal reference voltage (1.45V nominal)
Vref = Vdd
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When converting the temperature sensor we have:
ADCtemp = Vtemp/Vref * 1024
where:
ADCtemp = adc conversion result when measuring internal temperature sensor
Vtemp = Actual temperature sensor voltage
Vref = Vdd
Solving the two equation for Vref and substituting provides the relationship:
Vtemp/ADCtemp = Vint/ ADCvolt or Vtemp = (Vint * ADCtemp)/ADCvolt
To provide the full conversion to temperature we use the nominal values for the voltage and temperature sensor and the
resulting equation is :
Temperature = [(1.45 * ADCtemp/ADCvolt)-1.05]/-3.6mV] + 25C
So to find the temperature a conversion is done on the internal voltage sensor and the internal temperature sensor then
the equation above is applied.

3.

Sensor Measurements System Considerations

In the previous calculations the full scale counts of the ADC were used to determine voltage levels. However, the
actual voltage could be anywhere from that level to the next step level. To minimize this error the calculation could add
½ LSB to the calculated value but this typically not done since other errors swamp out this quantization error. Since the
RL78/G13 ADC is a 10 bit converter if the MCU power supply is 3.3 volts and that voltage is used for the ADC
reference each step of the ADC is equal to 3.3V/1024 or 3.22 mV. This means that the finest resolution that could be
provided for temperature is 1 degree C. With a 5V Vdd the step size is actually 4.88 mV so the situation is even worse.
To improve on this resolution oversampling is implemented in the sample code. The temperature and voltage sensors
are each sampled 16 times. The 16 samples are summed then the result is decimated (divided) by 4. Sampling theory
indicates that this technique can improve the effective resolution of the ADC. The number of oversamples and the
decimation factor are related to the number of bits, n, to be added by the following formula:
Number of bits added (n) = 4n /2n
By oversampling 16 times and decimating by a factor of 4 an additional 2 bits of resolution can be added. The sample
code does not use interrupts, the data transfer controller (DTC) or DMAC. This consumes quite a bit of processor time
but makes it easier to follow the logic of the conversion in the code. In most systems these conversions would take
place using either the DTC or DMAC and the summing and decimation would take place only after all the data was
collected.
Another system consideration is the calculation of the temperature from the ADC readings of the temperature sensor
and internal voltage. We previously showed that the temperature could be calculated using the formula below
Temperature = [(1.45 * ADCtemp/ADCvolt)-1.05]/-3.6mV + 25C
Though the equation is not overly complex if it was used as is it would require floating point math to be used in the
system. In a device like the RL78 that does not have a hardware floating point unit this requires calling libraries which
can take quite a bit of time to perform the floating point calculation. In some systems that may be acceptable but in
many cases the extra time for the float calculations would not be acceptable. In those cases fixed point math is
preferred. The sample code implements both a floating point and a fixed point calculation so the computation time and
accuracy can be compared. In the fixed point implementation the fractional reference voltages are scaled by 10,000 and
the temperature sensor gain is scaled by 1000. This provides an effective gain of 10 for the temperature calculation so
the displayed resolution can be tracked to 0.1 degree. Notice the formula reference temperature is also scaled by 10
(250 instead of 25C). The portion of the code is shown below for reference
#define
#define
#define
#define

SENSOR_REF_TEMP_SCALED (250)
INT_REF_V_SCALED (145000L)
INT_REF_TEMP_SCALED (105000L)
TEMP_SENSOR_GAIN_SCALED (36)

g_tempv_int = (int16_t)(((INT_REF_V_SCALED) *g_adc_temperature /
g_adc_int_ref)-(INT_REF_TEMP_SCALED)) ;
g_measured_tempi = (uint16_t)( -(g_tempv_int/ (TEMP_SENSOR_GAIN_SCALED)) +
SENSOR_REF_TEMP_SCALED);
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The result of the calculation is an integer which represents temperature * 10. This calculation is much faster than the
floating point version. In many cases a binary scaling is used for calculation efficiency, however, in this case only
constants were scaled and the result did not have any additional scaling so performance was not affected by the base 10
scaling.

4.

Sensor Errors

For sensors, like the temperature sensor, there are generally three types of error that must be considered.
1.
2.
3.

Non-linearity error
Gain error
Offset error

A sensor transfer function typically has some degree of each type of error. Compensation for each is easier by
discussing the different errors individually. Figure 2 shows the ideal transfer function for the RL78 temperature sensor.
In the figure linearity error would be seen as a variation in the step size from one degree step to another, in other words,
the gain is not constant. The gain error relates to the slope of the line, which is nominally -3.6 mV for RL78 sensor.
The offset error is the variation from the nominal 1.05V at 25C. Figures 3, 4 and 5 show the effect of each individual
error.
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Figure 2
Non-Linearity Error
When non-linearity error is present the actual readings do not fall on the nominal output line, however, the overall slope
and reference points are correct. In figure 3 the overall slope and 25C points are correct but a few readings do not fall
on the nominal output line represented in black.
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Calibration for non-linearity error is usually impractical, especially with temperature sensors. The non-linearity must be
characterized and this requires quite a few calibration points and linear interpolation between the points or non-linear
curve fits.
Gain Error
Gain error is present when the overall slope of the sensor output does not match the nominal slope. Figure 4 shows a
sensor output where the gain is low. The actual output shown in blue does not match the nominal slope shown in red.
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Figure 4
Correcting for gain errors requires a minimum two point calibration so the correct slope can be determined. Typically
the points are taken at the ends of the range that will be used in the application. Since the gain is not always constant
some systems use more points and best fit algorithms to determine the appropriate gain equation.
Offset Error
With offset error the slope of the output voltage is correct but the actual line is “offset” by some DC voltage from the
nominal output. Figure 5 shows an output voltage with a positive offset, meaning the actual readings are higher than
the nominal readings
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Figure 5
Offset error can be calibrated using a single point calibration method. Since the offset is a constant at all outputs it only
needs to be measured once then added to each reading. To determine the value for the offset error there are two options.
The first would be to force the system to a calibration temperature, for example 25C. Once the system is stabilized at
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that temperature the indicated temperature from the sensor can be read and the difference between the readings is the
required offset compensation that must be added to the readings. This is the method that is most commonly used in
calibrations because it ensures the measured parameter is stable and is in the normal range. However, since temperature
is typically slow to change and fairly constant in many environments it is possible to just allow the system to stabilize to
the ambient temperature and measure the actual temperature using another calibrated system. This is the method used
in the sample program. Room ambient works well as a calibration point in this example since it falls within the
expected usage range.

5.

RL78 Temperature Sensor Calibration

Figure 6 is a plot of a typical RL78 temperature sensor voltage versus the nominal voltage. Notice the slope is very
close to the desired slope and fairly linear, however, the actual sensor output voltage is less than the nominal output.
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Figure 6

At 25 degrees C the nominal output voltage of the sensor is 1.05V (reference the Hardware manual). The actual output
of the sensor for these devices is closer to 1.03V. The sensor provides a -3.6mV/°C output so the 0.02V difference
between the nominal 25C output and the actual 25C output represents a +5.5 degree error in the reading.
Figure 7 shows plots of the indicated temperature from one of the sensors shown above and the error in the reading.
Notice the error is fairly constant which means that a single point calibration will typically provide very good results. If
the error plot showed a noticeable slope over temperature then a two point calibration would provide better results since
it would compensate for the “gain” error of the sensor
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Figure 7

The RL78 temperature sensor should typically provide ± 3°C accuracy using a single point calibration method. Two
point calibration does not typically provide better results and may result in worse results depending on the actual points
monitored for a device.

6.

Sample Project

The sample project was developed for RL78/G13 RSK (Renesas Starter Kit) using IAR Embedded Workbench. The
structure of the sample code is shown in the flowchart on the following page. The calibration data in this project is
stored in the data flash of the RL78. The system checks the value of the data flash on startup and if it is blank
(0XFFFFFFFF) the code branches to a calibration routine. The user can also force the MCU to the calibration routine
by holding SW2 and SW3 when Reset is released.
The calibration routine performs sixteen temperature calculations to determine an average measured temperature. The
user is then prompted on the LCD screen to input the actual temperature. SW2 is used to increase the reading, SW3 is
used to decrease the reading and SW1 is used to enter the value. After the actual value is entered the system calculates
the calibration offset factor and stores it into the data flash.
When there is valid data in the data flash calibration value the system then performs a temperature conversion once a
second. The ADC values for the temperature sensor and internal voltage sensor are oversampled to provide an
equivalent 12 bit value. These values are used to calculate the measured temperature. The calculation is performed
using both floating point and integer math to allow the user to compare the time and accuracy of the results. The integer
result is averaged and displayed on the LCD.
Measured temperature using the sample code and RSK performed within ±3 °C of the actual temperature using a
thermocouple probe bonded to the RL78 package. Testing of measured temperature to ambient provided similar results
when the calibration was done using the ambient temperature actual reading. Results from testing between 0° C and
50° C is shown below
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Summary

The RL78 internal temperature sensor provides a cost effective method to measure temperatures. The internal voltage
reference of the RL78 allows the temperature sensor reading to be obtained without having to add an external voltage
reference diode. Typical accuracy of ±3 °C is expected when a single point calibration of the sensor reading is
performed. The data flash feature of the RL78 provides a convenient storage point for the calibration data.
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Website and Support
Renesas Electronics Website
http://www.renesas.com/
Inquiries
http://www.renesas.com/inquiry

All trademarks and registered trademarks are the property of their respective owners.
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General Precautions in the Handling of MPU/MCU Products
The following usage notes are applicable to all MPU/MCU products from Renesas. For detailed usage notes on the
products covered by this manual, refer to the relevant sections of the manual. If the descriptions under General
Precautions in the Handling of MPU/MCU Products and in the body of the manual differ from each other, the
description in the body of the manual takes precedence.
1. Handling of Unused Pins
Handle unused pins in accord with the directions given under Handling of Unused Pins in the manual.
 The input pins of CMOS products are generally in the high-impedance state. In operation with an
unused pin in the open-circuit state, extra electromagnetic noise is induced in the vicinity of LSI, an
associated shoot-through current flows internally, and malfunctions occur due to the false
recognition of the pin state as an input signal become possible. Unused pins should be handled as
described under Handling of Unused Pins in the manual.
2. Processing at Power-on
The state of the product is undefined at the moment when power is supplied.
 The states of internal circuits in the LSI are indeterminate and the states of register settings and
pins are undefined at the moment when power is supplied.
In a finished product where the reset signal is applied to the external reset pin, the states of pins
are not guaranteed from the moment when power is supplied until the reset process is completed.
In a similar way, the states of pins in a product that is reset by an on-chip power-on reset function
are not guaranteed from the moment when power is supplied until the power reaches the level at
which resetting has been specified.
3. Prohibition of Access to Reserved Addresses
Access to reserved addresses is prohibited.
 The reserved addresses are provided for the possible future expansion of functions. Do not access
these addresses; the correct operation of LSI is not guaranteed if they are accessed.
4. Clock Signals
After applying a reset, only release the reset line after the operating clock signal has become stable.
When switching the clock signal during program execution, wait until the target clock signal has
stabilized.
 When the clock signal is generated with an external resonator (or from an external oscillator)
during a reset, ensure that the reset line is only released after full stabilization of the clock signal.
Moreover, when switching to a clock signal produced with an external resonator (or by an external
oscillator) while program execution is in progress, wait until the target clock signal is stable.
5. Differences between Products
Before changing from one product to another, i.e. to one with a different type number, confirm that the
change will not lead to problems.
 The characteristics of MPU/MCU in the same group but having different type numbers may differ
because of the differences in internal memory capacity and layout pattern. When changing to
products of different type numbers, implement a system-evaluation test for each of the products.

Notice
1.

All information included in this document is current as of the date this document is issued. Such information, however, is subject to change without any prior notice. Before purchasing or using any Renesas
Electronics products listed herein, please confirm the latest product information with a Renesas Electronics sales office. Also, please pay regular and careful attention to additional and different information to
be disclosed by Renesas Electronics such as that disclosed through our website.

2.

Renesas Electronics does not assume any liability for infringement of patents, copyrights, or other intellectual property rights of third parties by or arising from the use of Renesas Electronics products or
technical information described in this document. No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or
others.

3.

You should not alter, modify, copy, or otherwise misappropriate any Renesas Electronics product, whether in whole or in part.

4.

Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for
the incorporation of these circuits, software, and information in the design of your equipment. Renesas Electronics assumes no responsibility for any losses incurred by you or third parties arising from the
use of these circuits, software, or information.

5.

When exporting the products or technology described in this document, you should comply with the applicable export control laws and regulations and follow the procedures required by such laws and
regulations. You should not use Renesas Electronics products or the technology described in this document for any purpose relating to military applications or use by the military, including but not limited to
the development of weapons of mass destruction. Renesas Electronics products and technology may not be used for or incorporated into any products or systems whose manufacture, use, or sale is
prohibited under any applicable domestic or foreign laws or regulations.

6.

Renesas Electronics has used reasonable care in preparing the information included in this document, but Renesas Electronics does not warrant that such information is error free. Renesas Electronics

7.

Renesas Electronics products are classified according to the following three quality grades: "Standard", "High Quality", and "Specific". The recommended applications for each Renesas Electronics product

assumes no liability whatsoever for any damages incurred by you resulting from errors in or omissions from the information included herein.

depends on the product's quality grade, as indicated below. You must check the quality grade of each Renesas Electronics product before using it in a particular application. You may not use any Renesas
Electronics product for any application categorized as "Specific" without the prior written consent of Renesas Electronics. Further, you may not use any Renesas Electronics product for any application for
which it is not intended without the prior written consent of Renesas Electronics. Renesas Electronics shall not be in any way liable for any damages or losses incurred by you or third parties arising from the
use of any Renesas Electronics product for an application categorized as "Specific" or for which the product is not intended where you have failed to obtain the prior written consent of Renesas Electronics.
The quality grade of each Renesas Electronics product is "Standard" unless otherwise expressly specified in a Renesas Electronics data sheets or data books, etc.
"Standard":

Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools;
personal electronic equipment; and industrial robots.

"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control systems; anti-disaster systems; anti-crime systems; safety equipment; and medical equipment not specifically
designed for life support.
"Specific":

Aircraft; aerospace equipment; submersible repeaters; nuclear reactor control systems; medical equipment or systems for life support (e.g. artificial life support devices or systems), surgical
implantations, or healthcare intervention (e.g. excision, etc.), and any other applications or purposes that pose a direct threat to human life.

8.

You should use the Renesas Electronics products described in this document within the range specified by Renesas Electronics, especially with respect to the maximum rating, operating supply voltage
range, movement power voltage range, heat radiation characteristics, installation and other product characteristics. Renesas Electronics shall have no liability for malfunctions or damages arising out of the
use of Renesas Electronics products beyond such specified ranges.

9.

Although Renesas Electronics endeavors to improve the quality and reliability of its products, semiconductor products have specific characteristics such as the occurrence of failure at a certain rate and
malfunctions under certain use conditions. Further, Renesas Electronics products are not subject to radiation resistance design. Please be sure to implement safety measures to guard them against the
possibility of physical injury, and injury or damage caused by fire in the event of the failure of a Renesas Electronics product, such as safety design for hardware and software including but not limited to
redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult,
please evaluate the safety of the final products or system manufactured by you.

10. Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. Please use Renesas Electronics
products in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive. Renesas Electronics assumes
no liability for damages or losses occurring as a result of your noncompliance with applicable laws and regulations.
11. This document may not be reproduced or duplicated, in any form, in whole or in part, without prior written consent of Renesas Electronics.
12. Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products, or if you have any other inquiries.
(Note 1)

"Renesas Electronics" as used in this document means Renesas Electronics Corporation and also includes its majority-owned subsidiaries.

(Note 2)

"Renesas Electronics product(s)" means any product developed or manufactured by or for Renesas Electronics.
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