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ABSTRACT

The Piccolo series of TMS320C28x™ microcontrollers can be run from either an external clock source or
from one of two internal oscillators. Running from internal redundant clock sources is beneficial to system
cost and complexity. However, care must be taken to ensure that the uncertainty in oscillator frequency is
tolerable for the end system design.

This application report describes a factory supplied method for compensating the Piccolo internal
oscillators for frequency drift caused by temperature. This is achieved by sampling the temperature sensor
and then using factory supplied data in the one-time programmable (OTP) memory to determine
appropriate oscillator trim vales for the current temperature.

Software examples implementing the calibration techniques discussed in this application report can be
downloaded from the following URLs: http://www-s.ti.com/sc/techlit/sprc832.zip and
http://www-s.ti.com/sc/techlit/sprc892.zip.
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1 Overview

To compensate the internal oscillator, the factory takes measurements of the internal oscillator and
temperature sensor. It then calculates a reference point for temperature sensor and oscillator trim and
calculates an oscillator trim slope. The trim slope can be used to adjust the oscillator fine trim as the
temperature sensor reading moves away from that of the reference point.

The reference point for the internal oscillator consists of two pieces of data. The first is the temperature
sensor reading at that point. The second is the oscillator trim values to get 10.0 MHz at that temperature.
This trim itself is composed of two parts: the fine trim and the coarse trim. Only the fine trim will be
adjusted by the compensation procedure. The coarse trim remains the same no matter what temperature
the device is at.

The oscillator compensation slope contains the information needed to adjust the oscillator fine trim from
the reference fine trim as the temperature moves away from the reference temperature. This slope
contains the units of oscillator fine trim steps/analog-to-digital converter (ADC) codes (temperature sensor
output).

If X is considered to be the temperature sensor reading and Y is considered to be the oscillator fine trim,
then the basic oscillator compensation equation is:

Y1 = m(X1 - X0) + Y0

Where:

Y1 is the oscillator fine trim at the current temperature.

Y0 is the oscillator fine trim at the reference temperature.

X1 is the temperature sensor reading at the current temperature.

X0 is the temperature sensor reading at the reference temperature.
TMS320C28x is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.
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m is the oscillator compensation slope, which is .

This is equivalent to a line with equation Y = mX + b:

2 Compensation Function

The following variables are stored in OTP and are accessible through functions programmed in the OTP.
They are used for oscillator compensation.

• Reference Temperature Offset (0x3D7EA2):
This is the temperature sensor reading of the reference point for oscillator compensation.

• Oscillator 1 Fine Trim Offset (0x3D7E93):
This is the fine trim of the reference point for oscillator 1. This is the fine trim required to get 10.0 MHz
when the temperature sensor reads the value of High Temperature Offset.

• Oscillator 2 Fine Trim Offset (0x3D7E9C):
This is the fine trim of the reference point for oscillator 2. This is the fine trim required to get 10.0 MHz
when the temperature sensor reads the value of High Temperature Offset.
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• Oscillator 1 Fine Trim Slope (0x3D7E90):
This is the slope of the oscillator temperature characteristic determined by the factory for internal
oscillator 1. Units are oscillator fine trim steps/ADC codes (temperature sensor output). This variable is
stored as a Q15 fixed point number, e.g., if the slope = -0.04, then this value is stored as -0.04*(215) =
-1311. Note that the use of fixed-point math is required to compensate the oscillator.

• Oscillator 2 Fine Trim Slope (0x3D7E99):
This is the slope of the oscillator temperature characteristic determined by the factory for internal
oscillator 2. Units are oscillator fine trim steps/ADC codes (temperature sensor output). This variable is
stored as a Q15 fixed point number, e.g., if the slope = -0.04, then this value is stored as -0.04*(215) =
-1311. Note that the use of fixed-point math is required to compensate the oscillator.

• Oscillator 1 Coarse Trim (0x3D7E96):
Always use this coarse trim for oscillator 1 when doing oscillator compensation.

• Oscillator 2 Coarse Trim (0x3D7E9F):
Always use this coarse trim for oscillator 2 when doing oscillator compensation.

Call these variable as follows:

• X0 = Reference Temperature Offset
• Y0 = Oscillator Fine Trim Offset
• m = Oscillator Fine Trim Slope

Also call:

X1 = The current reading of the temperature sensor (as sampled through the ADC)

Then, the oscillator can be compensated using the basic following formula:

Fine Trim = m(X1 - X0) + Y0

However, m is stored as a fixed point Q15 number, meaning that m is stored as m*215, therefore, use the
following equation to account for this:

Also, the value of m(X1 - X0) should be rounded before it is truncated from Q15 to integer. To achieve this,
add .5 and then truncate. (Note that adding 0.5 to Q15 means adding 0.5*215). This form of rounding only
works on positive numbers, so add 32 before truncation (here, 32*215 has been added), and then subtract
32 after truncation. Adding 32 makes the value positive because the valid fine trim range is -31 to 31.

So, the final compensation formula is:

Once the fine trim is calculated, it is packed along with the coarse trim into the format of
SysCtrlRegs.INTOSCnTRIM.all and then placed in the register.

Note that m and Y0 are different for oscillator 1 and 2. As an example, the following values have been
programmed by the factory for oscillator 1.

• Reference Temperature Offset = 2000 = X0

• Oscillator Fine Trim Offset = -25 = Y0

• Oscillator Fine Trim Slope = -0.04 = Stored as -0.04*215 = -1311 = m
• Oscillator Coarse Trim = 8
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If the sampled temperature sensor is:

X1 = 1500

Then, the fine trim is calculated for compensation using the following operations:

1. Subtract 1500 – 2000 = -500 (16 bit value).
2. Cast -1311 to 32 bit.
3. Multiply 32-bit of -1311 and -500 = 655500 (32 bit value).
4. Add 655500 + 32*215 = 655500 + 1048576 = 1704076 (32 bit value).
5. Add 1704076 + 0.5*215 = 1704076 + 16384 = 1720460 (32 bit value).
6. Divide 1720460/215 = 52 (truncated) (32 bit value).
7. Cast 52 to 16 bit value.
8. Subtract 52 – 32 = 20 (16 bit value).
9. Add 20 + -25 = -5 (16 bit value).

-5 is the best fine trim for the current temperature.

Then, the fine trim of -5 and the coarse trim of 8 is packed into the oscillator trim register.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI’s terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI’s standard
warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

TI assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other TI intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from TI to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of TI information in TI data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. TI is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of TI products or services with statements different from or beyond the parameters stated by TI for that product or service voids all
express and any implied warranties for the associated TI product or service and is an unfair and deceptive business practice. TI is not
responsible or liable for any such statements.

TI products are not authorized for use in safety-critical applications (such as life support) where a failure of the TI product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of TI products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify TI and its representatives against any damages arising out of the use of TI products in
such safety-critical applications.

TI products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by TI as military-grade or "enhanced plastic." Only products designated by TI as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of TI products which TI has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

TI products are neither designed nor intended for use in automotive applications or environments unless the specific TI products are
designated by TI as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers amplifier.ti.com Audio www.ti.com/audio

Data Converters dataconverter.ti.com Automotive www.ti.com/automotive

DLP® Products www.dlp.com Communications and www.ti.com/communications
Telecom

DSP dsp.ti.com Computers and www.ti.com/computers
Peripherals

Clocks and Timers www.ti.com/clocks Consumer Electronics www.ti.com/consumer-apps

Interface interface.ti.com Energy www.ti.com/energy

Logic logic.ti.com Industrial www.ti.com/industrial

Power Mgmt power.ti.com Medical www.ti.com/medical

Microcontrollers microcontroller.ti.com Security www.ti.com/security

RFID www.ti-rfid.com Space, Avionics & www.ti.com/space-avionics-defense
Defense

RF/IF and ZigBee® Solutions www.ti.com/lprf Video and Imaging www.ti.com/video

Wireless www.ti.com/wireless-apps
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