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Basic Temperature Sensor Reading

The outstanding HCS08 ADC peripheral contains numerous features:

* Linear successive approximation algorithm with 10-bit resolution

* Upto 28 anaog inputs

e Output formatted in 10- or 8-bit right-justified format

» Single or continuous conversion (automatic return to idle after single conversion)

» Configurable sample time and conversion speed/power

» Conversion complete flag and interrupt

* Input clock selectable from up to four sources

* Operation in wait or stop modes for lower noise operation

» Asynchronous clock source for lower noise operation

» Selectable asynchronous hardware conversion trigger

» Automatic compare with interrupt for less-than, greater-than, or equal-to programmable value
The automatic compare with interrupt and operation in low-power modes features add unique functionality

to this ADC peripheral. ADC also contains an on-chip temperature sensor connected to one of the ADC
channel inputs. This allows the MCU to monitor the board temperature and take action such as:

* Enter alow power mode to reduce excess battery drain at high temperatures
* Adjust calibration tables for temperature dependant sensors
»  Shut down system loading to prevent damage to mechanical components

2 Basic Temperature Sensor Reading

The SOBADC module has aP-N transistor junction with temperature dependent properties acting as an
embedded temperature sensor. The voltage across this junction rises or lowers with temperature allowing
silicon to act as atemperature sensor. Figure 1 shows the typical ADC readings of the temperature sensor
output across arange of temperatures.
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Basic Temperature Sensor Reading
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Figure 1. Typical ADC Temperature Readings

The graph shows that the temperature sensor output is linear and dependant on Vpp. The temperature
sensor output voltage is highest at cold temperatures and lowest at hot temperatures. For Vpp =3V, the
readings range from 277d at —-40°C down to 176d at 130°C. An approximate transfer function
demonstrated in the following sections represents this behavior.

The temperature sensor reading most accurately represents the temperature of the die and, due to
proximity, the leads and the PCB board connected to it. For many applications, the desired temperature
may differ from the die's temperature. For example, the die temperature can differ from the temperature
of aroom’sair flow. Using calibration methods can make approximations of this delta.

Some conditions will require special considerations, such asif the PCB board and the parameter that the
application measures have different temperatures. These scenarios have many different solutions. Resolve
this scenario by thermally connecting the | C to the target with epoxy or placing the IC as near as possible
to the monitored el ement.

Calibration aidsin modifying theissue of temperature offset. Correct calibration will ensurethat the target
element’s temperature, as opposed to the die, will correlate to the resulting temperature sensor voltage
readings. In thisway, you can understand and account for the offset dueto location. Thefollowing sections
further discuss calibration benefits.

2.1 Using Typical Parameters Provided by the Data Sheet

Use the typical parameters provided by the HCS08 data sheet to perform atemperature reading. An
approximate transfer function describes the temperature sensor.
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Basic Temperature Sensor Reading

Viemp~ VTEM P25)

Temp = 25—( m

Egn. 1

Where:
Vremp IS the voltage of the temperature sensor channel at the ambient temperature
V1empzs IS the voltage of the temperature sensor channel at 25°C and Vpp =3V
misthe hot or cold voltage versus temperature slope in V/°C
The parameter mis different for the hot or the cold slope of the equation.
* Hot slope parameter m applies to readings greater than 25°C
» Cold slope parameter m applies to readings less than 25°C
In the electrical characteristics section of some data sheets, typical parameters are provided for Vigpmpps

and m (both hot and cold slope). These parameters perform a temperature reading according to the
flowchart shown in Figure 2. For this example, parameters from the MC9S08QG8 data sheet were used.

Cold Slope Hot Slope
Is
Viemp2 Vrempss
Yes 2 No l
Y
i m = 1.646 ; / m=1.769 ;
Calculate
! V —V -
Temp = 25_( TEMP - TEMP25)

Figure 2. Temperature Reading Flowchart

As shown in thisimplementation, software initializes the ADC; next, an ADC reading of the temperature
sensor is completed. Based on this reading, a decision is made to use the cold or the hot slope parameter.
Finally, the calculation is performed.

Floating-point math facilitates the temperature calculations. The software files accompanying this
application note show both afloating point and anon-floating point implementation of thisflowchart using
C code. Both implementations have benefits and drawbacks.
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Optimizing the Temperature Sensor

3 Optimizing the Temperature Sensor

You can receive the most accuracy from the temperature sensor in many ways.
1. Analog-to-digital Configuration

Configurethe analog-to-digital for long sampletime and amaximum of IMHz ADC CLK. Use
aMCU low power mode to do an analog-to-digital reading. Wait or preferably stop mode
reduces the effect of internal MCU noise on the temperature sensor reading.

2. Averaging ADC readings as demonstrated in the Processor Expert example.

Averaging is the most basic of digital filtering techniques and can reduce the effect system
noise on ADC readings. This smooths the temperature sensor input and increases the effective
resolution of the analog-to-digital converter.

3. Determine acurrent reading of Vpp by using the bandgap voltage to calculate Vpp.

Using acurrent value of V pp more accurately represents Vgmpos and Vgyp Thisleadsto a
better result for the approximate transfer function.

4. A floating-point implementation results in more accurate math when using the approximate
transfer function if you can spare the code space.

3.1 Calibration

Along with the methods listed, there are other ways to improve accuracy. Ideally, the final application
would use the data shown in Figure 1. You could store this datain the MCU as alook-up table. With this
method, each ADC reading of the temperature sensor would correlate to atemperature. For example, the
datain the graph showsthat at 3V and 0°C the ADC will read 254d. At a constant voltage, you can use
the data shown in the graph to get the best temperature accuracy. Unfortunately, this method requires a
great deal of effort. You will have to correlate the final application at many temperatures, and this takes
time. Also, each of the test points must reside in code space. Although this calibration results in the best
results, it isvery costly.

A very suitable alternative isto calibrate at a smaller sample of test points. Calibrating at 25°C resultsin
atypical temp sensor Accuracy of £4.5°C. Thismethod involves determining the V gy po5 parameter from
the approximate transfer function (Equation 1) and using this parameter in the temperature calculation.
Theunit that created the datafrom Figure 1V 1gppos (3 V) 1s0.703125V. Using this parameter asVrgvipos
results in more accurate temperature readings.

Calibrating at three points, —40, 25, and 105°C results in atypical temp sensor accuracy of £2.5°C. This
method requires that you calculate the cold and hot slope (m) for the approximate transfer function. Use
the datafrom Graph 1 to solve for m(hot) and m(cold) as shown here:

—(V -V

m(cold) = ( TEI\(A—PXS)—ZISEMPZS) m(cold) = 0.001668
v -V ) m(hot) = 0.001758

m(hot) — TEMP;(;)Z_Z;EMPZS ( )
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Processor Expert Floating-Point Implementation

These calculated parameters differ dlightly from the typical parameters provided by the data sheet and
result in a more accurate temperature sensor reading.

3.2 Digital Filtering

The handling of the ADC readings generated by the temperature sensor is a very important part of
generating an accurate temperature reading. In the calibration methods discussed, the calculated Vg p
readings are dependant on the ADC readings. Along with averaging, you can apply other digital filtering
methods to the ADC readings to make improvements to the data sample. Implement a simple software
filter to reduce the affect of jumpy ADC readings. Use adigital filter to apply weighting to each of the
temp sensor readings. For example, divide each reading by two and add the previous output divided by 2
to make the current output. The result would be aweighted average that places equal weight on the present
reading and the contributions of all the previous readings. In pseudo C code, thisisimplemented using
shiftsto do the divides. Output = Current_Reading » 1 + Output » 1

Sharp change in temperature sensor readings smooths with this method. Using digital filtering reducesthe
impact of erroneous temperature readings. Thisis one implementation of adigital filter. In other
implementations, you can change the parameters to set the weight of the current reading to a different
value.

Additional software could look for erroneous temperature sensor ADC readings. If previous readings
differ greatly from the current reading, you could ignore the current reading as bad data.

4 Processor Expert Floating-Point Implementation

This implementation demonstrates a quick and straightforward process to determine a temperature
reading. For this example, the DEMOQGS board and Processor Expert complete atemperature reading.
The CodeWarrior project, QG8_Floating-Point_Temp, demonstrates thisimplementation. When using the
method from QG8_Floating-Point_Temp code example, the expected accuracy of the temperature sensor
istypicaly £8°C. In this example, use Processor Expert to initialize and complete the ADC reading for
this project. Figure 3 shows the ADC bean parameters.
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Processor Expert Floating-Point Implementation

%% Bean Inspector AD1:temp_sensor_reading[ADC] E]@
Bean ltems Yizibilty Help < Feripheral Initiglization >
Properties ]Methods] Events] Eomment]

«| Bean name AD1
| &0 corverter ATD «|ATD
«| Sharing Dizable 23
E| Interrupt zervicefevent Enable 23
t./ A4D interrupt Wade

« | ALD inkerrupt pricrity mediun | not supported

E| A/D channels 1 4]

L8| Channeln
': «| 240 chantel [pin) TempS | TempSensar
«'| 240 channel [pin) signal
« | A0 prezcaler ADCrnodel
«| &40 rezolution 10bits |10 bits
=] ADC clock source in high speed mo | Aspnck | AspnchroClock
« | Cornversion time 46 pd e bigh: 45 ps
« | Low-power mode Dizable 2
« | Sample time long | Total core. time: high: 35 us
« | Autornatic Compare Dizable 2
| Internal trigger Dizable 2|
«"| Mumnber of corversions G4
B Initialization
t-/ Enabled in init. code ez Y
«| Events enabled in init. ez Y

E| CPU clock/zpeed selection
«| High speed mode This be 2 This bean is enabled
«| Low speed mode This be 2| This bean is disabled
«| Slow zpeed mode This be £ This bean is disabled
BASIC ADVANCED | EXPERT Bean Lewvel: High Level Bean

Figure 3. ADC Bean Parameters

The Bean Inspector view displaysthe ADC configuration necessary to perform atemperature reading. The
bean alows the Temp Sensor to be selected as one of the channels. Processor Expert initializes the ADC
for long sample time and 10 bits of resolution. The selected conversion time configures an ADC input
clock of 1 MHz or lower. As shown in Figure 3, select the asynchronous clock as the source clock input
to the ADC and the longest conversion time, 46 us. This configuration setsan ADCCLK prescaler of 8,
creating an ADCCLK below 1 MHz. Later, we will discuss the importance for generating an accurate
reading from the temperature sensor with these parameters.

4.1 Averaging ADC Readings

The Processor Expert ADC Bean easily allows for the averaging of analog conversions. As shown in
Figure 3, selecting the number of conversions enables averaging. For thisexample, we set 64 conversions.
Averaging is an excellent way to filter some of the errorsinvolved in using the ADC. The averaging of
ADC readings canfilter noise caused by external system activity. Averaging resultsin asteady reading that
more accurately representsthe temperature. The most basic digital filtering done on the temperature sensor
readings involves averaging results.
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Fixed-Point Approximation

4.2 Using the Approximate Transfer Function

In the Processor Expert Basic_Temp example code, floating-point math is enabled. This alows you to
perform the mathematical equations shown in the C code below. This code represents the previous
flowchart (see Figure 2).

Vtemp = Vtemp * 0.0029296875 ; //Convert the ADC reading into voltage
if (Vtemp => .7012){ ; //Check for Hot or Cold Slope

Templ = 25 - ((Vtemp - .7012)/.001646) ; //Cold Slope)

}else {

Templ = 25 - ((Vtemp-.7012)/.001749) ; //Hot Slope)

In thisfloating-point implementation, the compiler uses 32-bit | EEE floating-point support selected during
the creation of this project. The generated assembly code manages the floating-point math necessary to
perform the computations. Files created with the project provide al of the subroutines for floating-point
computations. Using the floating-point support provided by CodeWarrior ssimplifies the use of the
approximate transfer function.

5 Fixed-Point Approximation

Use afixed-point method to reduce code size with asmall degradation in accuracy. Thefollowing example
explains how to use afixed-point method to create atemperature reading. See the example provided in the
Fixed Point_Basic_Temp folder associated with this application note.

When using fixed-point operations, keep in mind the precision used for al the operations. A number can
represent different things for our application; for instance, the number 1000 in our application can mean
100.0, 10.00, 1.000, 0.1000, or even smaller numbers. At every step of our application, we decide the
precision used for each number, so we know where the decimal point isfor the variables.

Remember theimportant step of adding commentsto each operation to simplify the understanding of what
we do, for either us or other people that can use our code. The amount of code size and execution speed
saved in these implementations is significant. This allows thisimplementation to help give amuch better
performance of a design working with an 8-bit machine.

5.1  Calculating Vpp
As described previously, you used this equation to compl ete a temperature reading:

Viemp—VTeEM st)

Temp = 25—( -

The value of V1gpmpos given in the data sheet is also the typical value calculated for Vpp = 3 V. If the

system voltage can vary or it is not set to 3 V, then one important step in calculating temperature is
determining the value of Vpp. Determine the value of V1gypos by using the value of V.

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation

Knowing that the value of Vpp equals the maximum return value for the ATD, with a 10-bit resolution
ATD conversion like the one possibly used for the MC9S08QG8, 0x3FF hexadecimal (1023 decimal) will
represent the Vpp. We can easily determine the value of the supply voltage with the following equations:

Vpp = 1023 = ADCRVDD
Egn. 2
Vgg = l2volts = ADCRgg
Where:
* ADCRg results from the ATD conversion of the Bandgap channel stored in the ADC result
register.

 ADCRypp isthe analog to digital conversion of Vp.

Because we can make a conversion for the Bandgap channel and get a value for ADCRgg, we can solve
with the following expression with a one-variable equation:

ADCR
Voo _ Vbb

Vge  ADCRgg

Vor ADCRy X Vgg Eqn. 3
ADCRg

_ 1023 x 1.2volts
Vop =
ADCRgg

We can determine the precision needed here because we want a fixed-point representation of the value.
The floating-point variables represent avalue in a predefined format by an | EEE standard where we have
asign bit, eight bitsfor the exponent and 23 bitsfor thefraction, but at theendisa32 bit (or 64 bit) variable
with aspecial interpretation. The standard was intended to represent values from 27120 to (2-223) x 2127
(approximately from 10"#48° to 10%8-53) when using 32-bit format. However, our application has a very
limited range of possible values (and many of the applications we seein embedded systems are the same).
In cases like this application note, we can choose the way to represent the value in afixed-point way that
helps the MCU to perform all the operationsin an easier, smaller, and faster way by having a couple of
digits after the decimal point for most of the operations and in each of the operations.

The first approach has a representation of the supply voltage with one value after the decimal point with
the intention of adding precision to thefinal result. The easiest way isto havethe original value multiplied

times 10. From Equation 3, we can tell that:

_ (1023 x 1.2)
VDD><10 ADCRBG x 10

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation

The value of 1023 x 1.2 x 10 will always stay fixed; this code’s operation will be something like:

12276
VDDCODE - ADCRBG Eqn. 4
The division then performs with 16-bit fixed-point operations that are much cheaper and faster than
floating-point operations. This gives afixed-point result with one decimal value interpretation and the rest
as the integer part. For instance, for a conversion value of ADCRgg = 409 we have the following result:
1023x 1.2 _ 12276 _

VDD><10: mxlo = m— = 30

Vpop = 300 _ 3.00 volts

10
In the code, Vpp will have a calculated value of 30, and we know that the interpretation for that value is
one integer and one decimal value (3.0 in our case). The same kind of equations can lead to calculate a
representation of inan equivalent ADC conversion value and useit directly in the original equation. It is
possible to make the conversion in the other way where the result from the Temperature Channel would
convert to avoltage value and then perform the operation. They have similar stepsin either case. At the
beginning of the execution, we can calculate all the values needed for the conversion. In addition, every
time anew conversion finishes after this, it will perform the conversion to atemperature value faster. In
the software files, the equations meant to determine the ATD conversion value for 0.7012 volts (whichis
the typical V1empps). To Ssmplify the writing of further expressions we will use:

Voo = 10%x Vpp

CONV

Because the example uses everything in values equivalent to ATD conversion values, we have to find a
representation of V1gvpes. Knowing the value of Vpp from the previous equations, we can tell that:

Voy _ ADCRy .
VTEM P25 A DC:RTEM P25

A DCRVDD XV remps
Vb

Replacing Vpp with (10 x Vpp, thevaluein our code) and replacing with the typical values, we havethe
following equation:

ADCRrevpas =

ADCRreups =
DDcony
ADCR;gypp = 1023%0.7012x 10
BDcony

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation
Again, the divided value is fixed and the code with the result of the operation (approximately 7173)
replacesit. For the previous example where Vpp = 3V and replacing V pp with Vppcony = 30, we have:

ADCRyeypzs = V7173
DD

ONV

7173 Eqn. 5

ADCR =
TEMP25 20

A DCRTEM p2s = 239

The equivalency between V gypos and itsconversion to adigital value as ADCRygypps helps make adirect
subtraction between the result of the Temperature Sensor channel conversion and ADCR;gypps. From the
original equation, we need a useful value for m to perform the operations directly with fixed-point.
Because of the precision used for each of the operations and the small value of m, (either 1.769 or 1.646
millivolts) we need to have a big multiplier.

If we perform the operations without any multiplier, we will have:

Voo _ ADCRy
m ~ ADCR,

ADCRV X m ADCRV xmx 10
DD — DD

= Eqn. 6
VDD

ADCR,

DDconv

1023 x 0.001646 x 10
VDD

ADCR,,

CONV

However, if we keep these values, we will see a smaller result of the multiplication than the minor value
allowed for VDD. This means that a fixed-point approximation isimpossible if we do not multiply for a
fixed value to make the previous division possible. Because of the small value, we multiply everything by
100(or 10 or 1,000 because the ideais to use avalue that helps to improve the precision with 16-bit
operations). The result will be:

ADCRV x mx 100 ADCRV x mx 10 x 100
DD — DD

DD DDcony
A DCRloom _ 1023 x 0.001646 x 10 x 100 _ 1684 > —40°C < Temp < 25°C Eqn. 7
DDcony BDconv
A DCR100m _ 1023 x 0.001769 x 10 x 100 _ 1810 & 25°C < Temp < 85°C
DDcony DDcony

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation

After thispoint, we have arepresentation of each of the values needed for the conversion. In order to know
where the decimal point for our operations lies, recall if those values were previously multiplied:

Temp —Temp25
m
ADCR,

Temp = 25—

Temp = 25—

Where ADCRy = analog to digital conversion of the Temperature sensor channel

If wereplace ADCR,, with ADCR1oom, (100 x ADCR,,)), we have to multiply all the expression times 100
to keep the same units. If we do that, we will have the following result:

ADCR oo

Temp = 25—( 5j x 100 Eqn. 8

Hereisafull example using al the previous equationsin the way possibly written into the code. The only
value we have is the Bandgap conversion which is 380. Calculate the value of the supply voltage as the
first step. Knowing that the Bandgap voltage is typically 1.2 volts, we can say that:

From Equation 4, we have,
CalcVpp = 12276/ADCR,;
CacVpp =32; /* weknow that this means 3.2 volts */

After this, we have to determine the value of ADCRyempos. From Equation 5, we have that
ADCRTempZS =7173/Cd CVDD;
ADCRyrempos = 224/* this valueis the direct equivalency to its ATD conversion in our system*/

Asthefinal step, calculate the two possible used temperature slopes. From Equation 7,
TempSlopeCold = 1684/CalcV pp;

TempSlopeCold = 52/* thisvalue istimes 100*/

TempSlopeHigh = 1810/CalcV pp;
TempSlopeHigh = 56/* thisvalueistimes 100 */

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation

Calculate all these values at the start of the code. After this, we only need to make the conversion of the
Temperature Sensor channel in the MC9S08QG8 and then apply it to the formula. For two valuesin the
conversion, ADCR = 235 and ADCR = 210 we will have the following results:

Fixed-point Equation Floating-point Equation
Example 1. Temp = 25_(235—2524) x 100 Vigwp = 235%0.003125 = 0.7343
ADCR =235 Temp = 25-20 Temp = 25_2.7343-0.7012
emp emp 0.001646
Temp = 5°C Temp = 25-20.155 = 4.845°C
Example 2: Temp = 25— (210-224) x 100 Viemp = 210x0.003125 = 0.6562
= 56
ADCR =210 T - Temp = 25— 0686207012
emp = 25-(=29) 0.001769
Temp = 50°C Temp = 25— (-25.4) = 50.4°C

In this example, Vpp = 3.2 volts for the Vgyp CONversion

In this example, we see that the result with fixed-point and floating-point is almost the same. Because we
determine the precision in each operation, we can make it with determine positions for each operation and
can establish the accuracy of the result. The good thing about thisimplementation isthe smaller code size
and afaster execution time because everything uses fixed-point and has 16-bit operations.

The bandgap channel (channel 27 of the ADC periphera inthe MC9S08QG8) hasatypical valueof 1.2 V.
We can start an ADC conversion for the bandgap channel and use the result (ADCR) in Equation 9 to
determine the value of Vp.

_ 1023x 1.2 Volts

V
pb ADCR

Eqn. 9

5.2 Fixed-Point Calculations

To use fixed point, multiply Vpp (calculated in Equation 9) by 10. Knowing the supply voltage value
(CalcVpp), make an equivalency of the value of Vrgypos (Vapctemess)- Using this method, you can also
calculate the value to use for slope (m). See Equation 10.

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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Fixed-Point Approximation
CalcVDD = Vpp x 10 Eqn. 10

VTEMP25 =0.7012 Volts

v _ (1023 x 7012 Volts) _ (1023 x 7.012 Volts) 7173
ADCTEMP25 = VDD - CalcVDD ~ CalcvDD

m _ (1000 x m) x 1023
ADC = CalCVDD

1.769 x 1.023 1809
CalcVDD  CalcVDD

MapG = < Temp = 25°C

o _1646x1.023_ 1685
ADC = ""CalcVDD  CalcVDD

< Temp < 25°C

After calculating the Vtgvpos Vaue in an ADC conversion (Vapctempees). Start aconversion in the
temperature sensor channel and use Equation 11 to approximate the temperature. Use fixed-point values
to perform all the needed operations using the result of the ADC conversion (ADCR).

ADCR - VapcTEMP25

Eqgn. 11
MaDC
1000

Remember the real value multiplied by 1000 equals the value used for the temperature slope; also, you
used aVpp multiplied by 10in al your calculations. You must multiply the subtraction by 100 to have the
same order in the final result. This givesthe fina equation (Equation 12).

Temperature = 25 —

(ADCR — VapcTEMP25) X 100 Eqn. 12
(Mapc)

Temperature = 25 — [

Also, the VDD is calculated with only one decimal value and can add errors for some scenarios of the
calculation. For instance, if VDD = 2.97 volts, the calculated VDD will be 2.9 and al the results carry the
same error. Fix this and add more precision by having two decimal digits; it is up to the user to determine
the way to obtain the best results according to the application. In this case, the finished project is an
example on how to implement this.

Temperature Sensor for the HCS08 Microcontroller Family, Rev. 1
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5.3 Initialization Flowcharts

{ Init parameters )
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ADC bandgap No
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complete?
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CalcVDD = 1023 * Bandgap Voltage * 10/ADCR

Y

VADCTEMP25 = VTEMP25 *1023 * 10/Ca|CVDD

Y

TempSlopeLow = 1000 * .001769 * 1023/CalcVDD

Y

TempSlopeLow = 1000 * .001646 * 1023/CalcVDD

Y

Return

Get temperature )

Y

ADC temp sen. No
conversion
complete?
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Y

Temperature = 25 — ((ADCR — V1gmpas) * 100/m)

Y

Return
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Fixed-Point Approximation

Uncalibrated Calibrated (3 Points) Uncalibrated Calibrated (3 Points)
Floating-Point Fixed-Point
Code Size 2295bytes’ 698 bytes'
# of cycles 4636"
Typical Accuracy + 8degs C +2.5degs C +18degs C +12degs C
Ease of implementation Easiest Difficult Easy Most Difficult

1 Using calibrated parameters to calculate temperature does not affect code size or execution times.
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