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Internal High-Frequency Oscillator Calibration Using the
Auto-Tune Feature

Introduction

Author: loan Pop, Microchip Technology Inc.

The purpose of this document is to provide more details on the internal high-frequency oscillator (OSCHF) auto-tune
feature of the AVR® DA MCU (AVR DA) family and how to activate it. The auto-tune feature allows OSCHF to adjust
its frequency, comparing it to an external 32.768 kHz crystal oscillator to better match the desired value.

This document describes four use cases in which the internal high-frequency oscillator will be used to drive the main
clock, each use case containing two scenarios. For the first three use cases the two scenarios are: with auto-tune
feature activated and deactivated. The purpose of the last use case is to check the auto-tune feature against an
incorrect tuning value provided by the user, therefore the two scenarios for the last use case are: incorrect tune value
setting and auto-tune enabled. The switch between the two scenarios is made using the PC7 pin (the on-board SWO0
button of the AVR128DA48 Curiosity Nano board). Additionally, the main clock will be output to the CLKOUT pin
(PA7) in order to showcase the auto-tune feature improvement on the OSCHF output frequency precision. The use
cases described in this technical brief are:

» Configure OSCHF to run at 1 MHz and activate/deactivate the auto-tune feature:
The purpose of this use case is to configure the OSCHF to run at 1 MHz and drive the main clock, and enable
frequency output on the CLKOUT pin. Two frequency measurements on the CLKOUT pin will be made using an
oscilloscope - with auto-tune feature activated and deactivated.

» Configure OSCHF to run at 4 MHz and activate/deactivate the auto-tune feature:
The purpose of this use case is to configure the OSCHF to run at 4 MHz and drive the main clock, and enable
frequency output on the CLKOUT pin. Two frequency measurements on the CLKOUT pin will be made using an
oscilloscope - with auto-tune feature activated and deactivated.

» Configure OSCHF to run at 24 MHz and activate/deactivate the auto-tune feature:
The purpose of this use case is to configure the OSCHF to run at 24 MHz and drive the main clock, and enable
frequency output on the CLKOUT pin. Two frequency measurements on the CLKOUT pin will be made using an
oscilloscope - with auto-tune feature activated and deactivated.

+ Configure OSCHF to run at 4 MHz with incorrect tuning value:
The purpose of this use case is to configure the OSCHF to run at 4 MHz and drive the main clock, and enable
frequency output on the CLKOUT pin. An error injection will be made to the tune register to check if the auto-
tune mechanism will be able to correct it. Two frequency measurements on the CLKOUT pin will be made using
an oscilloscope - with the incorrect frequency tune input and with auto-tune feature activated

Note: The AVR128DA48 Curiosity Nano was used for the tests performed and described in this document.
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Relevant Devices

Relevant Devices

This chapter lists the relevant devices for this document.

AVR® DA Family Overview

The figure below shows the AVR® DA devices, laying out pin count variants and memory sizes:

» Vertical migration is possible without code modification, as these devices are fully pin and feature compatible.
» Horizontal migration to the left reduces the pin count and therefore, the available features.

Figure 1-1. AVR® DA Family Overview
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Devices with different Flash memory size typically also have different SRAM.
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Overview

Overview

The auto-tune feature is enabled by setting the AUTOTUNE bit in the internal high-frequency oscillator Control A
(CLKCTRL.OSCHFCTRLA) register. For as long as the bit is set, the auto-tune feature compares the internal high-
frequency oscillator to a 1.024 kHz reference from the external crystal oscillator. If the calibration is performed, the
auto-tune system checks for a clock drift every 64 ms. The value required for the tuning is stored in the internal high-
frequency oscillator Frequency Tune (CLKCTRL.OSCHFTUNE) register when the auto-tune feature is turned off.

The tuning register has 6 bits that provide 64 steps for adjusting the frequency. The bits for the up/down adjustment
are stored in two’s complement. The OSCHFTUNE register has 8 bits where the first 5 bits represent the value, the
sixth one is the sign, and the seventh and the eight are a mirror to the sign. The tuning register starts with the default
value of 0x00. One step increases or decreases the clock speed by a percentage of the clock. If the error between
the reference and the clock is less than one step, then the auto-tune feature will not activate, yet if the difference is
more significant, it will activate and make the approximation for the next step. For example, if the default value of the
clock is close to the correct value, auto-tune will not modify the default value, but if the clock is tuned into a different
incorrect value, the auto-tune feature might set the tuning register to one step from the default value, for example,
0x01 instead of 0x00.
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Activating and Testing the Auto-Tune Featu...

Activating and Testing the Auto-Tune Feature

In order to use the auto-tune feature, a high precision 32.768 kHz external crystal oscillator is required.

The bits that need to be set in order to enable this feature are under Configuration Change Protection. These are I/O
registers, so the I/O signature, 0xD8, needs to be written in the Configuration Change Protection (CPU.CCP) register.

In order to write to a register under 1/0 Configuration Change Protection, the _"PROTECTED_WRITE macro must be
used, which will write the signature to the CPU.CCP register and then the value to the desired register:

_PROTECTED WRITE (register, value);

Replace ‘register’ with the register that needs to be written and ‘value’ with the value that needs to be written to it.

Note: The compiler optimization level must be set to at least O1 in the Atmel Studio project settings. Oterwise, the
macro will not be able to write the value.

This crystal oscillator needs to be enabled, by writing the ENABLE bit from the 32.768 kHz crystal oscillator Control A
(CLKCTRL.XOSC32KCTRLA) register to ‘1’. The following line of code enables the oscillator:

_PROTECTED WRITE (CLKCTRL.XOSC32KCTRLA, CLKCTRL_ENABLE bm) ;

After this is done, the auto-tune feature needs to be enabled by setting the AUTOTUNE bit (bit 0) in the internal high-
frequency oscillator Control A (CLKCTRL.OSCHFCTRLA) register. This register has two other features. The
RUNSTDBY bit (bit 7) activates the running in Standby mode and the FRQSEL bitfield (bit 2 to bit 5) sets the
frequency of the oscillator. The next line of code enables the auto-tune feature and sets the frequency to 1 MHz. The
frequency can be changed by giving different values that will be detailed later in this document:

_ PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, (CLKCTRL FREQSEL 1M gc | CLKCTRL AUTOTUNE bm)) ;

The internal high-frequency oscillator must be selected as the main clock. This is done by writing the value that
selects the internal high-frequency oscillator to the CLKSEL bit field in the Main Clock Control A
(CLKCTRL.MCLKCTRLA) register. Setting the CLKOUT bit in this register outputs the clock signal on the PA7 pin.
The next two lines of code show how to select the internal high-frequency oscillator and how to enable the clock
output signal:

_PROTECTED WRITE (CLKCTRL.MCLKCTRLA, CLKCTRL_CLKSEL OSCHF gc);

_PROTECTED WRITE (CLKCTRL.MCLKCTRLA, (CLKCTRL CLKSEL OSCHF gc | CLKCTRL_CLKOUT_ bm)) ;

Note: The default startup oscillator is configured using FUSE.OSCCFG fuse. If the internal high-frequency oscillator
is already set as default, then this step may be omitted. For more details on Fuse settings, see ‘FUSE - Configuration
and User Fuses’ chapter of the AVR128DA48 Data Sheet.

If the only requirement is the turning on of the auto-tune feature, the following code provides this functionality:

_PROTECTED WRITE (CLKCTRL.XOSC32KCTRLA, CLKCTRL_ENABLE bm) ;
_ PROTECTED WRITE (CLKCTRL.MCLKCTRLA, CLKCTRL CLKSEL OSCHF gc);
_ PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, (CLKCTRL FREQSEL 1M gc | CLKCTRL AUTOTUNE bm)) ;

Note: The required frequency is also set through the OSCHFCTRLA register, so the value needs to be changed to
the desired one. The register setting from above sets it to 1 MHz.

In order to highlight the auto-tune feature, several tests were performed at different frequencies and the results are
provided in each use case chapter.
The image captures were done using a Tektronix MDO3024 Mixed Domain Oscilloscope with the following settings:
» Gating set to Screen
* High-Low Method set to Histogram
» Couplingin DC
» Bandwidth Full

© 2020 Microchip Technology Inc. Technical Brief DS90003234C-page 5
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Activating and Testing the Auto-Tune Featu...

The testing method involves setting up the register for the correct frequency and using a button that activates the
auto-tune feature, waits for one second, and then stops it. The tuning (CLKCTRL.OSCHFTUNE) register can then be
read in Debugging mode to check the value put there by the auto-tune feature.

The mean and standard deviation values were calculated using 100 samples. The mean is the value that best
indicates the clock frequency, because at high frequencies, random noise from the environment makes the instant
reading inaccurate.

© 2020 Microchip Technology Inc. Technical Brief DS90003234C-page 6
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Configure OSCHF to Run at 1 MHz and Activate/Deactivate the Auto-
Tune Feature

The following code example starts the internal high-frequency oscillator at the desired frequency and sets up an
interrupt on a rising edge of the signal coming from the button. When the interrupt is triggered, the auto-tune feature
is enabled, the microcontroller waits for a second and then deactivates it in order to check the value the auto-tune
feature stores in the tuning register.

#define F CPU 1000000UL
#include <avr/io.h>

#include <util/delay.h>

#include <avr/interrupt.h>

#define DELAY TIME 1000
#define PRESSED 1
#define NOT PRESSED 0
#define PULL_UP_ENABLE 0x08
#define BUTTON_ PIN PIN7 bm

void CLK init (void);
void PORT_init (void);

uint8 t volatile button event = NOT_PRESSED;

int main(void)

{
cli();
CLK init();
PORT_init();
sei();

while (1)
{
if (button event == PRESSED)
{
cli();
_ PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, (CLKCTRL FREQSEL 1M gc|CLKCTRL AUTOTUNE bm)) ;
_delay ms (DELAY TIME);
_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRLiFREQSELilMigC);
button event = NOT PRESSED;
sei();

}

void CLK init (void)
{

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRLiFREQSELilMigC);

~ PROTECTED WRITE (CLKCTRL.XOSC32KCTRLA, CLKCTRL ENABLE bm) ;

_PROTECTED WRITE (CLKCTRL.MCLKCTRLA, (CLKCTRL CLKSEL OSCHF gc | CLKCTRL_CLKOUT bm)) ;
}

void PORT_init (void)
{

PORTC.DIRCLR = BUTTON PIN;

PORTC.INTFLAGS = BUTTON_ PIN;

PORTC.PIN7CTRL = PORT ISC RISING gc | PULL UP ENABLE;
}

ISR (PORTC_PORT vect)

{
button event = PRESSED;
PORTC.INTFLAGS = BUTTON PIN;

View Code Example on GitHub

Click 1o browse repository
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Configure OSCHF to Run at 1 MHz and Activa...

Tip: The full code example is also available in 10. Appendix.

The PORT _init() function configures Port C Pin 7 (PC7) as an input, enables the internal pull-up and the PORTC
interrupt for external GPIO events such as pressing a button.

The CLK_init() function configures all the registers that select the main clock for 1 MHz operation, enables the 32.768
kHz external crystal oscillator, and enables the output of the main clock on CLKOUT pin (PA7).

The Interrupt Service Routine (ISR) for the button sets a flag that is polled in the main loop.

The sei() command enables global interrupts and cli() disables them. This is done to prevent unwanted interrupts
from disrupting the _PROTECTED_WRITE macro.

The main loop enables the auto-tune feature for one second, then disables it. This ensures there is enough time for it
to correct the error and that the value is stored in the tuning register at the end. Depending on the noise present at
the interface between the 32.768 kHz external crystal oscillator and the microcontroller, the tuning time can be higher
than one second, but in practice, this time is sufficient under most normal conditions. If the signal is too distorted, as
in the case when a finger is placed on the traces or the pins of the microcontroller, the auto-tune feature will not be
able to run properly.

The following pictures were obtained using the oscilloscope; Figure 4-1 with normal start-up frequency and Figure
4-2, after the auto-tune feature is enabled.

The line of the code for the correct frequency is:

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRL FREQSEL 1M gc);
The line for starting the auto-tune feature is:

_PROTECTED_WRITE (CLKCTRL.OSCHFCTRLA, ((CLKCTRL_FREQSEL_ 1M gc) | (CLKCTRL_AUTOTUNE bm))) ;

Figure 4-1. 1 MHz Clock Without Auto-Tune
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Figure 4-2. 1 MHz Clock With Auto-Tune
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The value in the OSCHFTUNE register at the end of the auto-tune process is 0x06.

As the figures show, the error has been corrected and the value is much closer to the required 1 MHz than it was
before.
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Configure OSCHF to Run at 4 MHz and Activate/Deactivate the Auto-

Tune Feature
The default frequency value setting for the internal high-frequency oscillator is 4 MHz.

The following line of code configures the OSCHF to run at 4 MHz:

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRL FREQSEL 4M gc);

The following line of code enables the auto-tune feature:

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, ((CLKCTRL FREQSEL 4M gc) | (CLKCTRL AUTOTUNE bm))) ;

Figure 5-1. 4 MHz Clock Without Tuning
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Figure 5-2. 4 MHz Clock After Auto-Tune
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As can be observed from the figures, the error is too small for the auto-tune feature to correct. The value in the tuning
register is 0x00, the default at which it starts.

Note: The 4 MHz frequency is calibrated during fabrication. The higher values are derived from the 4 MHz one and
are also calibrated.
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Configure OSCHF to Run at 24 MHz and Activate/Deactivate the Auto-
Tune Feature
The 24 MHz clock is the highest base frequency for the internal high-frequency oscillator.

The following line of code sets the clock speed of OSCHF to 24 MHz:
_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRL FREQSEL 24M gc);
The following line of code for sets the OSCHF clock speed to 24 MHz and enables the auto-tune feature:

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, ((CLKCTRL_ FREQSEL 24M gc) | (CLKCTRL AUTOTUNE bm))) ;

Figure 6-1. 24 MHz Clock Without Tuning
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Figure 6-2. 24 MHz Clock After Auto-Tune
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The figures above show the error was within the tolerated values to be corrected, thus the tuning register remained
unchanged.
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Configure OSCHF to Run at 4 MHz with Incorrect Tuning Value

To better highlight the auto-tune feature, an incorrect value, 0x0F is placed in the OSCHFTUNE register. This
increases the clock frequency to a level above the error threshold. The following line of code loads the OSCHFTUNE
register with the desired value:

_PROTECTED WRITE (CLKCTRL.OSCHFTUNE, O0xOF);

Figure 7-1 shows the CLKOUT when 0xF is written into OSCHFTUNE register and Figure 7-2 displays the CLKOUT
after the auto-tune feature compensated the frequency drift.

Figure 7-1. 4 MHz Clock With Incorrect Tuning Value
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Figure 7-2. 4 MHz Clock After Auto-Tune from Incorrect Starting Value
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At the end of the auto-tune procedure, the value in the tuning register is 0x01. This is different from the previous test,
where the value was 0x00. As explained in the Overview section, this is normal behavior when the error is smaller
than what a single step would correct.
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Conclusion

Conclusion

In conclusion, the auto-tune feature is a simple, yet effective method to increase the internal high-frequency oscillator
output frequency precision. It can be easily added to any project which relies on the OSCHF to provide a more
accurate clock frequency to the CPU or peripherals.
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#define F _CPU 1000000UL
#include <avr/io.h>

#include <util/delay.h>

#include <avr/interrupt.h>

#define DELAY TIME 1000
#define PRESSED 1
#define NOT_PRESSED 0
#define PULL UP_ENABLE 0x08
#define BUTTON PIN PIN7 bm

void CLK init (void);
void PORT init (void);

uint8 t volatile button event = NOT PRESSED;

int main (void)

{
cli();
PORT_init();
CLK init();
sei();

while (1)
{
if (button event == PRESSED)

{
cli();

Example 10-1. Configure OSCHF to Run at 1 MHz and Activate/Deactivate the Auto-Tune
Feature

PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, (CLKCTRL_FREQSEL 1M gc|

CLKCTRL_AUTOTUNE bm)) ;
_delay ms (DELAY TIME);

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRL FREQSEL 1M gc);

button event = NOT PRESSED;
sei();
}

void CLK init (void)
{

_PROTECTED WRITE (CLKCTRL.OSCHFCTRLA, CLKCTRL FREQSEL 1M gc);
_PROTECTED WRITE (CLKCTRL.XOSC32KCTRLA, CLKCTRL_ENABLE bm) ;
PROTECTED WRITE (CLKCTRL.MCLKCTRLA, (CLKCTRL CLKSEL OSCHF gc |

CLKCTRL_CLKOUT bm)) ;
}

void PORT_init (void)
{

PORTC.DIRCLR = BUTTON PIN;

PORTC.INTFLAGS = BUTTON_PIN;

PORTC.PIN7CTRL = PORT ISC RISING gc | PULL_UP ENABLE;
}

ISR (PORTC_ PORT vect)

{
button event = PRESSED;
PORTC.INTFLAGS = BUTTON PIN;

© 2020 Microchip Technology Inc. Technical Brief
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The Microchip Website

Microchip provides online support via our website at http://www.microchip.com/. This website is used to make files
and information easily available to customers. Some of the content available includes:

* Product Support — Data sheets and errata, application notes and sample programs, design resources, user’s
guides and hardware support documents, latest software releases and archived software

* General Technical Support — Frequently Asked Questions (FAQs), technical support requests, online
discussion groups, Microchip design partner program member listing

» Business of Microchip — Product selector and ordering guides, latest Microchip press releases, listing of
seminars and events, listings of Microchip sales offices, distributors and factory representatives

Product Change Notification Service

Microchip’s product change notification service helps keep customers current on Microchip products. Subscribers will
receive email notification whenever there are changes, updates, revisions or errata related to a specified product
family or development tool of interest.

To register, go to http://www.microchip.com/pcn and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

» Distributor or Representative

* Local Sales Office

»  Embedded Solutions Engineer (ESE)
» Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are also available to
help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: http://www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

* Microchip products meet the specification contained in their particular Microchip Data Sheet.

* Microchip believes that its family of products is one of the most secure families of its kind on the market today,
when used in the intended manner and under normal conditions.

» There are dishonest and possibly illegal methods used to breach the code protection feature. All of these
methods, to our knowledge, require using the Microchip products in a manner outside the operating
specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is engaged in theft of
intellectual property.

» Microchip is willing to work with the customer who is concerned about the integrity of their code.

» Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code
protection does not mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection
features of our products. Attempts to break Microchip’s code protection feature may be a violation of the Digital
Millennium Copyright Act. If such acts allow unauthorized access to your software or other copyrighted work, you
may have a right to sue for relief under that Act.

Legal Notice

Information contained in this publication regarding device applications and the like is provided only for your
convenience and may be superseded by updates. It is your responsibility to ensure that your application meets with
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your specifications. MICROCHIP MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND WHETHER
EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY OR OTHERWISE, RELATED TO THE INFORMATION,
INCLUDING BUT NOT LIMITED TO ITS CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR
FITNESS FOR PURPOSE. Microchip disclaims all liability arising from this information and its use. Use of Microchip
devices in life support and/or safety applications is entirely at the buyer’s risk, and the buyer agrees to defend,
indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting from such
use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual property rights unless
otherwise stated.
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