MicrROCHIP TB3212
Getting Started with Timer/Counter Type D (TCD)

Introduction

Author: Catalin Visan, Microchip Technology Inc.

The AVR® microcontrollers are equipped with powerful timers designed to cover a wide area of applications, from
signal measurement to events synchronization and waveform generation.

The Timer/Counter type D (TCD) is a 12-bit timer available in tinyAVR® 1-series and AVR DA devices. The TCD

is designed to cover the need for a fast timer with multiple waveform generation capabilities in common embedded
applications, such as motor control or Switch mode power supplies. One of the key features of the TCD is that in
addition to running from the main clock, it can be set up to run directly from the internal 20 MHz oscillator (OSC20M)
or used with an external clock source. Moreover, it has multiple configurable Waveform Generation modes.

This document describes some of the TCD operating modes, emphasizing this timer’s particularities and providing
initialization code snippets. For a deeper understanding of the functionality, refer to the tinyAVR® 1-series and AVR
DA data sheet. The structure of the document comprises two specific use cases:
» Generating complementary driving signals:
Initialize the timer to generate two complementary signals with 50 kHz frequency and 100 ns dead-time.
» Controlling synchronous signals using input events:
Initialize the timer to generate four PWM signals with 10 kHz frequency and approximately 50% duty cycle,
synchronized in pairs. Configure an input channel for fault detection purposes.

Note: For each of the use cases described in this document, there are two code examples: One bare metal
developed on ATtiny817, and one generated with MPLAB® Code Configurator (MCC) developed on AVR128DA48.

View the ATtiny817 Code Examples on GitHub

Click to browse repository

View the AVR128DA48 Code Examples on GitHub

Click to browse repository
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Relevant Devices

Relevant Devices

This section lists the relevant devices for this document. The following figures show the different family devices,
laying out pin count variants and memory sizes:

» Vertical migration upwards is possible without code modification, as these devices are pin-compatible and
provide the same or more features. Downward migration on tinyAVR® 1-series devices may require code
modification due to fewer available instances of some peripherals

» Horizontal migration to the left reduces the pin count and, therefore, the available features
» Devices with different Flash memory sizes typically also have different SRAM and EEPROM

Figure 1-1. tinyAVR® 1-series Overview

Flash 4
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Figure 1-2. AVR® DA Family Overview
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tinyAVR® 1-series

The following figure shows the tinyAVR 1-series devices, laying out pin count variants and memory sizes:

» Vertical migration upwards is possible without code modification, as these devices are pin-compatible and
provide the same or more features. Downward migration may require code modification due to fewer available
instances of some peripherals.
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Relevant Devices

» Horizontal migration to the left reduces the pin count and, therefore, the available features

Figure 1-3. tinyAVR® 1-series Overview

FlashA
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Devices with different Flash memory sizes typically also have different SRAM and EEPROM.

1.2 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 1-4. AVR® DA Family Overview
Flash 4
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Devices with different Flash memory sizes typically also have different SRAM.
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Overview

The TCD is a high-performance waveform controller that consists of an asynchronous counter, a prescaler, compare
logic, capture logic, and control logic. The TCD contains a counter that can run on a clock that is asynchronous to
the system clock. It contains compare logic that can generate two independent outputs with optional dead-time. It is
connected to the event system for capture and deterministic fault control. The timer/counter can generate interrupts
and events on compare match and overflow.

Figure 2-1. TCD Block Diagram
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The TCD core is asynchronous to the system clock. The timer/counter consist of two compare/capture units, each
with a separate waveform output. In addition, there are two extra waveform outputs that can be equal to the output
from one of the units. The compare registers CMPxSET and CMPxCLR are stored in the respective registers
(TCD.CMPxXSET, TCD.CMPxCLR), which consist of both a low and a high byte. The registers are synchronized to the
TCD domain after writing to the registers. During normal operation, the counter value is continuously compared to the
compare registers. This is used to generate both interrupts and events.

The TCD can use the input events in ten different input modes, selected separately for the two input events (see
Figure 4-6). The input mode defines how the input event will affect the outputs.
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Generating Complementary Driving Signals

Generating Complementary Driving Signals

The 8-bit microcontrollers are commonly used in Switch mode power supplies. This use case shows how the TCD
can be configured to generate complementary waveforms for the power MOSFET transistors. In this example, the
TCD instance is configured to generate two complementary signals with 50 kHz frequency and 100 ns dead-time.

Figure 3-1. Dual Slope Mode

counter I

CMPBCLR

CMPASET

CMPBSET

WwOB

WOA |

* The maximum counter value is stored in the CMPBLCR register (see Figure 3-1)

» The WOA output is set when the TCD counter counts down and matches the CMPASET value
* WOA is cleared when the TCD counter counts up and matches the CMPASET value

* The WOB output is set when the TCD counter counts up and matches the CMPBSET value

* WOB is cleared when the TCD counter counts down and matches the CMPBSET value

1. The Waveform Generation mode will be set to dual slope using the CTRLB register.

TCDO.CTRLB = TCD_WGMODE_DS_gc;

Figure 3-2. CTRLB Register

Bit 7 6 5 4 3 2 1 0
Access R/W R/W
Reset 0 0

bits 1:0 WGMODE[1:0]: Waveform Generation Mode bits
These bits select the waveform generation.

Value Name Description

0x0 ONERAMP One Ramp mode
0x1 TWORAMP Two Ramp mode
0x2 FOURRAMP Four Ramp mode

2. The signal’s period must be deduced from the following formula and written to the CMPBCLR register.

P feik
signal Prescalercyt X 2 X (CMPBCLR + 1)

The peripheral clock will be set as the 20 MHz internal oscillator and the counter prescaler will be set to ‘1°.
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Generating Complementary Driving Signals

6
CMPBCLR = ferk _1=—20X10° 7~ 200 =0xC8

Prescalercyt XZstignal B 1 X2X50X10?

TCDO.CMPBCLR = 0xC8
3. To set the dead-time, the counting period must be determined, as well as the number of counting periods that
match the dead-time.
1 _ Prescalercyt b
fent ferk 20 x 10°

CNTperiod = =50ns

Dead time = 2 X CNTperjoq = 100ns

Assuming the user wants both signals to have the same duty cycle.

cmpBsET = CMEBCLR Deadztime .

CMPBCLR _ Dead time

CMPASET = > >

=063

TCDO .CMPBSET = 0x65
TCDO.CMPASET = 0x63

4. Before enabling the timer, the ENRDY bit of the STATUS register must be verified to have the value ‘1°.

The hardware sets this bit when it is safe to start the timer. This mechanism prevents synchronization issues
between the TCD time domain and the system time domain.

while (! (TCDO.STATUS & TCD_ENRDY bm

Figure 3-3. STATUS Register

Bit 7 6 5 4 3 2 1 0

[ PWMACTB [ PWMACTA | CMDRDY _
Access R/W R/W R R
Reset 0 0 0 0

5. After the ENRDY bit is set, the timer can be enabled from the CTRLA register.

From the same register, the clock source and the prescaler can also be set. All the bits from CTRLA except
the ENABLE bit are enable-protected, they can only be written when ENABLE is set to ‘0’ before the writing
operation.

TCDO.CTRLA = TCD CLKSEL 20MHZ gc

| TCD_CNTPRES DIVl gc
| TCD_ENABLE bm

© 2021 Microchip Technology Inc. Technical Brief DS90003212B-page 7
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Generating Complementary Driving Signals

Figure 3-4. CTRLA Register

Bit 7 6 5 4 3 2 1 0
S = 5= T T = =
Access R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0

bits 6:5 CLKSEL[1:0]: Clock Select bits
The clock select bits select the clock source of the TCD clock.

Value Description

0x1 'Reserved
0x2  External clock
0x3 ' System clock

bits 4:3 CNTPRES[1:0]: Counter Prescaler bits
The Counter Prescaler bits select the division factor of the TCD counter clock.

Value Description

0x1 Division factor 4
0x2 Division factor 32
0x3 'Reserved

6. To enable the output channels, certain bits in the FAULTCTRL register may be set.

This register is under Configuration Change Protection (CCP). Thus, a key must be written in the CCP register
of the CPU before writing to the FAULTCTRL register. In this case, only channels A and B will be enabled.

void TCDO_enableOutputChannels (void)

{
CPU_CCP = CCP_IOREG gc;

TCDO . FAULTCTRL = TCD_CMPAEN bm
| TCD_CMPBEN bm;

}

Figure 3-5. FAULTCTRL Register

Bit 7 6 5 4 3 2 1 0
[ CMPDEN [ CMPCEN _ cMPD [ cMmPC CMPB CMPA
Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset X X X X X X X X

Info: After a Reset, the FAULTCTRL register loads its value from the fuses.
7. In the targeted microcontroller, the TCD output channels A and B are linked to PA4 and PA5. These pins must
be configured as outputs:

PORTA .DIR |= PIN4 bm
| PIN5 bm;

This application will configure the TCD instance to generate two complementary signals with 50 kHz frequency and
100 ns dead-time.

% Tip: The full code example is also available in the Appendix section.
<

. -
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Generating Complementary Driving Signals

View the ATtiny817 Code Example on GitHub

Click to browse repository

An MCC generated code example for AVR128DA48, with the same functionality as the one described in this section,
can be found here:

View the AVR128DA48 Code Example on GitHub

Click to browse repository
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Controlling Synchronous Signals Using Input Events

In motor control applications, it is often necessary to use perfectly synchronized signals. Also, there is a narrow class
of applications that, for driving purposes, requires just a little bit more current than a pin can provide. In these cases,
the possibility to map the same signal on multiple pins can reduce the bill of materials.

In most embedded systems there are different feedback loops and fault control components that ensure everything
works properly. For reliability reasons, it is better to design these feedback mechanisms without the use of the MCU
core. TCD has two event inputs that can be used to monitor the activity of other peripherals and components, and
alter the output accordingly.

In this example, the TCD instance will be configured to generate four PWM signals with 10 kHz frequency and
approximately 50% duty cycle, synchronized in pairs. In case of a fault signal on an input channel, the timer will stop
and wait until the signal changes to the Safe state (no fault detected).

1. The timer will be configured from the CTRLB register (as in the previous use case), but this time in the Four
Ramp mode:

TCDO.CTRLB = TCD_WGMODE_FOURRAMP gc;

Figure 4-1. CTRLB Register

Bit 7 6 5 4 3 2 1 0
Access R/W R/W
Reset 0 0

bits 1:0 WGMODE[1:0]: Waveform Generation Mode bits
These bits select the waveform generation.

Value Name Description

0x0 ONERAMP One Ramp mode
0x1 TWORAMP Two Ramp mode
0x3 DS Dual-Slope mode

Figure 4-2. Four Ramp Mode

tcounter
value
_______________________________ CMPBCLR
CMPASET
~ - -
+ = -
| | | l
v v v
WOA
WOB |
2. By default, channels C and D are linked to channel A. For the signals to be synchronized in pairs, the
CMPDSEL bit from the CTRLC register must be set to link channel D to channel B (see Figure 4-4):
TCDO.CTRLC = TCD_CMPDSEL bm;
Technical Brief DS90003212B-page 10
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Figure 4-3. CTRLC Register

Bit 7 6 5 4 3 2 1 0
_ CMPCSEL | FIFTY AUPDATE CMPOVR
Access R/W R/W R/W R/W R/W
Reset 0 0 0 0 0

Figure 4-4. Full-Bridge Output

WOA
]

WOB

WOC

WOD

3. The frequency can be computed using the following formula:

_ feLk
frwm = Prescalercyt X (CMPASET +CMPACLR +CMPBSET +CMPBCLR + 4)

feLk
fpPrescaler X fPwm

CMPASET +CMPACLR +CMPBSET +CMPBCLR = -4 =

_ 20000000

The targeted duty cycle is approximately 50%, so CMPACLR = CMPBCLR. For most applications, there is
a settling time. Thus, the user must consider that and manually configure the peripheral to include a little
dead-time. So CMPASET = CMPBSET = 2 for 0.4 pys settling time:

CMPACLR = CMPBCLR = 0x1F0—CMPA.S;ET —CMPBSET _ 0x1F02—2—2

=0xF6

TCDO.CMPASET = 0x02
TCDO.CMPACLR = O0xF6
TCDO.CMPBSET = 0x02

TCDO.CMPBCLR = 0xF6

4. For fault detection purposes, input channel A of the timer will be configured to be active-low and the digital
filter of the channel will be enabled to filter the potential spikes (see Figure 4-5).

For this use case, the fault signal will be externally triggered by the press of a button, connected to pin PC5:

TCDO .EVCTRLA = TCD_CFG_FILTER gc
| TCD_EDGE FALL_LOW_gc
| TCD_TRIGEI_bm

© 2021 Microchip Technology Inc. Technical Brief DS90003212B-page 11
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Figure 4-5. EVCTRL Register

Bit 7 6 5 4 3 2 1 0
Access R/W R/W R/W R/W R/W
Reset 0 0 0 0 0

bits 7:6 CFG[1:0]: Event Configuration bits

Value Name Description

0x0 NEITHER Neither filter nor asynchronous event is enabled.
0x2 ASYNCON Asynchronous event output qualification enabled.
other - Reserved.

5. The timer can be configured to respond to the input signal in various ways, using the INPUTCTRLA register.

In this case, when a falling edge is detected on channel A, the timer is stopped and reset. The counter will
restart at the next rising edge of the input signal.

Figure 4-6. INPUTCTRLA Register

Bit 7 6 5 4 3 2 1 0
| | | | [ weutwooepo] ]
Access R/W R/W R/W R/W
Reset 0 0 0 0

bits 3:0 INPUTMODE[3:0]: Input Mode bits

Value Name Description

0x0 NONE Input has no action

0x1 JMPWAIT Stop output, jump to opposite compare cycle and wait
0x2 EXECWAIT Stop output, execute opposite compare cycle and wait
0x3 EXECFAULT Stop output, execute opposite compare cycle while fault active
0x4 FREQ Stop all outputs, maintain frequency

0x5 EXECDT Stop all outputs, execute dead time while fault active
0x7 WAITSW Stop all outputs, wait for software action

0x8 EDGETRIG Stop output on edge, jump to next compare cycle

0x9 EDGETRIGFREQ  Stop output on edge, maintain frequency

0xA LVLTRIGFREQ Stop output at level, maintain frequency

6. The ENRDY bit of the STATUS register must be ‘1’ before starting the timer from the CTRLA register.
Also, the 20 MHz clock is selected from CTRLA together with a prescaler of 4.

while (! (TCDO.STATUS & TCD_ENRDY bm))
{

}

TCDO.CTRLA = TCD_CLKSEL_20MHZ gc | TCD_CNTPRES_DIV4_gc | TCD_ENABLE bm;

In this example, all four output channels are used. The procedure is detailed within the previous use case.

void TCDO_enableOutputChannels (void)
{
CPU_CCP = CCP_IOREG gc;

TCDO . FAULTCTRL = TCD_CMPAEN bm | TCD_CMPBEN bm | TCD_CMPCEN bm | TCD_CMPDEN_bm;
}

7. The event system needs to be configured to link the event generator to the TCD instance.

© 2021 Microchip Technology Inc. Technical Brief DS90003212B-page 12
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In this case, the fault signal is simulated by pressing a button that is connected to PC5. The initialization code
is provided below, but the event system configuration details are beyond the scope of this document.

void EVENT SYSTEM init (void
EVSYS.ASYNCCH2 = EVSYS ASYNCCH2_ PORTC_PIN5 gc

EVSYS.ASYNCUSER6 = EVSYS ASYNCUSER6_ASYNCCH2 gc

8. Channels A and B are linked with PA4 and PA5 pins, and channels C and D are linked with PCO and PC1 pins.
These pins must be configured as outputs.

PC5, which is configured as input, is connected to the ATtiny817 Xplained Mini user button and has an internal
pull-up resistor enabled.

A pull-up resistor provides a default state of ‘1’ to the pin. Thus, the button will be used to drive the pin low
(logical ‘0’) when it is pressed.

PORTA.DIR |= PIN4_bm
| PIN5 bm

PORTC.DIR |= PINO_ bm
| PIN1 bm

PORTC.DIR &= ~PIN5 bm

PORTC . PINSCTRL = PORT_ PULLUPEN bm
This application will configure the TCD instance to generate four PWM signals with 10 kHz frequency at an
approximately 50% duty cycle, synchronized in pairs.

Moreover, when a fault signal appears on an input channel, the timer will stop and wait until the signal changes to the
Safe state.

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

View the ATtiny817 Code Example on GitHub

Click to browse repository

An MCC generated code example for AVR128DA48, with the same functionality as the one described in this section,
can be found here:

View the AVR128DA48 Code Example on GitHub

Click to browse repository
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Dithering Feature

Dithering Feature

The Timer/Counter type D (TCD) is equipped with a dithering feature. If it is not possible to achieve the desired
frequency, dithering can be used to approximate the desired frequency and reduce the waveform drift. The dither
accumulates the fractional error of the counter clock for each cycle. When the fractional error overflows, an additional

clock cycle is added to the selected part of the TCD cycle.
An MCC generated code example for AVR128DA48, which emphases the dithering feature of the TCD, can be found
here:

View the AVR128DA48 Code Example on GitHub

Click to browse repository

© 2021 Microchip Technology Inc. Technical Brief DS90003212B-page 14
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7. Appendix

Example 7-1. Generating Complementary Driving Samples Source Code

#define SIGNAL_PERIOD_EXAMPLE_VALUE
#define SIGNAL DUTY CYCLE EXAMPLE_VALUE

#include <avr/io.h>
/*Using default clock 3.3 MHz */

void TCDO_init (void);
void TCDO_enableOutputChannels (void) ;
void PORT_init (void) ;

void TCDO_init(void)

{
/* set the waveform mode */
TCDO.CTRLB = TCD_WGMODE_DS_gc;

/* set the signal period */
TCDO . CMPBCLR =

/* the signals
needed */

TCDO . CMPBSET

TCDO . CMPASET

/* ensure the ENRDY bit is set */
while (! (TCDO.STATUS & TCD ENRDY bm))
{

}

TCDO .CTRLA = TCD_CLKSEL_2OMHZ_gc /*
| TCD_CNTPRES_DIV1 gc /*
| TCD_ENABLE bm; &

}
void TCDO_enableOutputChannels (void)
{

/* enable write-protected register */

CPU_CCP = CCP_IOREG gc;

TCDO . FAULTCTRL = TCD_CMPAEN_bm /*

| TCD_CMPBEN bm; &
}
void PORT_ init (void)

PORTA .DIR |= PIN4_bm /*

| PIN5 bm; /*

}

int main (void)

{ PORT_init();
TCDO_enableOutputChannels () ;
TCDO_init();

/* Replace with your application code */
while (1)
{

}

SIGNAL PERIOD_EXAMPLE_VALUE;

(0xC8)
(0x64)

are alternatively active and a small symmetric dead time is

SIGNAL DUTY CYCLE_EXAMPLE VALUE + 1;
SIGNAL_DUTY CYCLE_EXAMPLE VALUE - 1;

choose the timer’s clock */
choose the prescaler */
enable the timer */

enable channel A */

enable channel B */

set pin 4 as output */

set pin 5 as output */

© 2021 Microchip Technology Inc.
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Example 7-2. Controlling Synchronous Signals Using Input Events Source Code
#define SETTLING_TIME_EXAMPLE_VALUE (0x02)
#define DUTY_CYCLE_EXAMPLE VALUE (0OxF6)
#include <avr/io.h>
/*Using default clock 3.3 MHz */
void TCDO_init (void);
void TCDO_enableOutputChannels (void) ;
void EVENT SYSTEM init (void);
void PORT_init (void);
void TCDO_init (void)
{
/* set the waveform mode */
TCDO.CTRLB = TCD_WGMODE_FOURRAMP gc;
/* set channel D to match channel B */
TCDO .CTRLC = TCD_CMPDSEL_bm;
/* set the settling time and duty cycle for the signals*/
TCDO . CMPASET = SETTLING_TIME EXAMPLE VALUE;
TCDO .CMPACLR = DUTY_CYCLE_EXAMPLE_VALUE;
TCDO .CMPBSET = SETTLING_TIME EXAMPLE VALUE;
TCDO . CMPBCLR = DUTY CYCLE_ EXAMPLE VALUE;
TCDO .EVCTRLA = TCD_CFG_FILTER gc /* set the anti-spike filter */
| TCD_EDGE FALL LOW_gc /* set the ‘fault’ state */
| TCD_TRIGEI_bm; /* enable input channel A */

/* set the input mode */
TCDO . INPUTCTRLA = TCD_INPUTMODE_WAIT_gC;

/* ensure the ENRDY bit is set */
while (! (TCDO.STATUS & TCD_ENRDY bm))
{

}

TCDO.CTRLA = TCD_CLKSEL 20MHZ_gc /=
| TCD_CNTPRES_DIV4_gc /=
| TCD_ENABLE_bm; /*

}

void TCDO_enableOutputChannels (void)
{

/* enable write-protected register */
CPU_CCP = CCP_IOREG gc;

TCDO . FAULTCTRL = TCD_CMPAEN bm 7=
| TCD_CMPBEN bm /*
| TCD_CMPCEN bm /*
| TCD_CMPDEN bm; &

}
void EVENT_SYSTEM init (void)

EVSYS.ASYNCCH2 = EVSYS ASYNCCH2_ PORTC_ PIN5 gc;

choose
choose
enable

enable
enable
enable
enable

EVSYS.ASYNCUSER6 = EVSYS_ASYNCUSER6_ASYNCCH2 gc;

}

void PORT_init (void)
{
/* set pin 4 and pin 5 of port A as output */
PORTA.DIR |= PIN4_bm
| PIN5 bm;

/* set pin 0 and pin 1 of port C as output */
PORTC.DIR |= PINO_bm
| PIN1 bm;

/* set pin 5 of port C as input */
PORTC.DIR &= ~PIN5 bm;

the timer’s clock */
the prescaler */

the timer

channel A
channel B
channel C
channel D

/4

=i/
=Y
<3/
/]
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Appendix

/* enable pull-up resistor for pin 5 of port C */
PORTC. PINSCTRL = PORT_ PULLUPEN_ bm;
int main (void)
PORT_init() ;
EVENT_SYSTEM init() ;
TCDO_enableOutputChannels () ;
TCDO_init () ;
/* Replace with your application code */
while (1)
{
}
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Document Revision _ Comments

8. Revision History
B 02/2021
A 05/2019

Updated the GitHub repository links, the References section, and
the use cases sections. Added the AVR® DA Family Overview,
Dithering Feature and Revision History sections. Added MCC
versions for each use case, running on AVR128DA48. Other minor
corrections.

Initial document release.
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The Microchip Website

Microchip provides online support via our website at 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 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: 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 specifications contained in their particular Microchip Data Sheet.

» Microchip believes that its family of products is secure when used in the intended manner and under normal
conditions.

* There are dishonest and possibly illegal methods being used in attempts to breach the code protection features
of the Microchip devices. We believe that these methods require using the Microchip products in a manner
outside the operating specifications contained in Microchip’s Data Sheets. Attempts to breach these code
protection features, most likely, cannot be accomplished without violating Microchip’s intellectual property rights.

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

» Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its code. Code
protection does not mean that we are guaranteeing the product is “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.
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Legal Notice

Information contained in this publication is provided for the sole purpose of designing with and using Microchip
products. Information 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 your specifications.

THIS INFORMATION IS PROVIDED BY MICROCHIP “AS IS”. 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 ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE
OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL OR
CONSEQUENTIAL LOSS, DAMAGE, COST OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR ITS USE
WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO MICROCHIP FOR
THE INFORMATION. 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.

Trademarks

The Microchip name and logo, the Microchip logo, Adaptec, AnyRate, AVR, AVR logo, AVR Freaks, BesTime,
BitCloud, chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, HELDO, IGLOO, JukeBlox,
KeeLoq, Kleer, LANCheck, LinkMD, maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo,
MOST, MOST logo, MPLAB, OptoLyzer, PackeTime, PIC, picoPower, PICSTART, PIC32 logo, PolarFire, Prochip
Designer, QTouch, SAM-BA, SenGenuity, SpyNIC, SST, SST Logo, SuperFlash, Symmetricom, SyncServer,
Tachyon, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

AgileSwitch, APT, ClockWorks, The Embedded Control Solutions Company, EtherSynch, FlashTec, Hyper Speed
Control, HyperLight Load, IntelliMOS, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC,
ProASIC Plus, ProASIC Plus logo, Quiet-Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra,
TimeProvider, WinPath, and ZL are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, Augmented Switching,
BlueSky, BodyCom, CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController,
dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, Espresso T1S, EtherGREEN, IdealBridge,
In-Circuit Serial Programming, ICSP, INICnet, Intelligent Paralleling, Inter-Chip Connectivity, JitterBlocker, maxCrypto,
maxView, memBrain, Mindi, MiWi, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach,
Omniscient Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
Ripple Blocker, RTAX, RTG4, SAM-ICE, Serial Quad I/O, simpleMAP, SimpliPHY, SmartBuffer, SMART-I.S., storClad,
SQl, SuperSwitcher, SuperSwitcher Il, Switchtec, SynchroPHY, Total Endurance, TSHARC, USBCheck, VariSense,
VectorBlox, VeriPHY, ViewSpan, WiperLock, XpressConnect, and ZENA are trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

The Adaptec logo, Frequency on Demand, Silicon Storage Technology, and Symmcom are registered trademarks of
Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2021, Microchip Technology Incorporated, Printed in the U.S.A., All Rights Reserved.
ISBN: 978-1-5224-7715-0
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Quality Management System

For information regarding Microchip’s Quality Management Systems, please visit www.microchip.com/quality.
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