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Features
• High Performance, Low Power AVR® 8-Bit Microcontroller
• Advanced RISC Architecture

– 135 Powerful Instructions – Most Single Clock Cycle Execution
– 32 × 8 General Purpose Working Registers
– Fully Static Operation
– Up to 16 MIPS Throughput at 16MHz
– On-Chip 2-cycle Multiplier

• High Endurance Non-volatile Memory Segments
– 64K/128K/256KBytes of In-System Self-Programmable Flash
– 4Kbytes EEPROM
– 8Kbytes Internal SRAM
– Write/Erase Cycles:10,000 Flash/100,000 EEPROM
– Data retention: 20 years at 85C/ 100 years at 25C
– Optional Boot Code Section with Independent Lock Bits

• In-System Programming by On-chip Boot Program
• True Read-While-Write Operation

– Programming Lock for Software Security
• Endurance: Up to 64Kbytes Optional External Memory Space

• QTouch® library support
– Capacitive touch buttons, sliders and wheels
– QTouch and QMatrix acquisition
– Up to 64 sense channels

• JTAG (IEEE® std. 1149.1 compliant) Interface
– Boundary-scan Capabilities According to the JTAG Standard
– Extensive On-chip Debug Support
– Programming of Flash, EEPROM, Fuses, and Lock Bits through the JTAG Interface

• Peripheral Features
– Two 8-bit Timer/Counters with Separate Prescaler and Compare Mode
– Four 16-bit Timer/Counter with Separate Prescaler, Compare- and Capture Mode
– Real Time Counter with Separate Oscillator
– Four 8-bit PWM Channels
– Six/Twelve PWM Channels with Programmable Resolution from 2 to 16 Bits

(ATmega1281/2561, ATmega640/1280/2560)
– Output Compare Modulator
– 8/16-channel, 10-bit ADC (ATmega1281/2561, ATmega640/1280/2560)
– Two/Four Programmable Serial USART (ATmega1281/2561, ATmega640/1280/2560)
– Master/Slave SPI Serial Interface
– Byte Oriented 2-wire Serial Interface
– Programmable Watchdog Timer with Separate On-chip Oscillator
– On-chip Analog Comparator
– Interrupt and Wake-up on Pin Change

• Special Microcontroller Features
– Power-on Reset and Programmable Brown-out Detection
– Internal Calibrated Oscillator
– External and Internal Interrupt Sources
– Six Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, Standby,

and Extended Standby

• I/O and Packages
– 54/86 Programmable I/O Lines (ATmega1281/2561, ATmega640/1280/2560)
– 64-pad QFN/MLF, 64-lead TQFP (ATmega1281/2561)
– 100-lead TQFP, 100-ball CBGA (ATmega640/1280/2560)
– RoHS/Fully Green

• Temperature Range:
– -40C to 85C Industrial

• Ultra-Low Power Consumption
– Active Mode: 1MHz, 1.8V: 500µA
– Power-down Mode: 0.1µA at 1.8V

• Speed Grade:
– ATmega640V/ATmega1280V/ATmega1281V:

• 0 - 4MHz @ 1.8V - 5.5V, 0 - 8MHz @ 2.7V - 5.5V
– ATmega2560V/ATmega2561V:

• 0 - 2MHz @ 1.8V - 5.5V, 0 - 8MHz @ 2.7V - 5.5V
– ATmega640/ATmega1280/ATmega1281:

• 0 - 8MHz @ 2.7V - 5.5V, 0 - 16MHz @ 4.5V - 5.5V
– ATmega2560/ATmega2561:

• 0 - 16MHz @ 4.5V - 5.5V

ATmega640/V-1280/V-1281/V-2560/V-2561/V

8-bit Microcontroller with 16/32/64KB In-System Programmable Flash

DATASHEET
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1. Pin Configurations

Figure 1-1. TQFP-pinout ATmega640/1280/2560
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Figure 1-2. CBGA-pinout ATmega640/1280/2560

Note: The functions for each pin is the same as for the 100 pin packages shown in Figure 1-1 on page 2.
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Table 1-1. CBGA-pinout ATmega640/1280/2560

1 2 3 4 5 6 7 8 9 10

A GND AREF PF0 PF2 PF5 PK0 PK3 PK6 GND VCC

B AVCC PG5 PF1 PF3 PF6 PK1 PK4 PK7 PA0 PA2

C PE2 PE0 PE1 PF4 PF7 PK2 PK5 PJ7 PA1 PA3

D PE3 PE4 PE5 PE6 PH2 PA4 PA5 PA6 PA7 PG2

E PE7 PH0 PH1 PH3 PH5 PJ6 PJ5 PJ4 PJ3 PJ2

F VCC PH4 PH6 PB0 PL4 PD1 PJ1 PJ0 PC7 GND

G GND PB1 PB2 PB5 PL2 PD0 PD5 PC5 PC6 VCC

H PB3 PB4 RESET PL1 PL3 PL7 PD4 PC4 PC3 PC2

J PH7 PG3 PB6 PL0 XTAL2 PL6 PD3 PC1 PC0 PG1

K PB7 PG4 VCC GND XTAL1 PL5 PD2 PD6 PD7 PG0
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Figure 1-3. Pinout ATmega1281/2561

Note: The large center pad underneath the QFN/MLF package is made of metal and internally connected to GND. It should
be soldered or glued to the board to ensure good mechanical stability. If the center pad is left unconnected, the pack-
age might loosen from the board.
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2. Overview

The ATmega640/1280/1281/2560/2561 is a low-power CMOS 8-bit microcontroller based on the AVR enhanced
RISC arch i tec tu re . By execu t ing power fu l i ns t ruc t ions in a s ing le c lock cyc le , the ATme-
ga640/1280/1281/2560/2561 achieves throughputs approaching 1 MIPS per MHz allowing the system designer to
optimize power consumption versus processing speed.

2.1 Block Diagram

Figure 2-1. Block Diagram

The AVR® core combines a rich instruction set with 32 general purpose working registers. All the 32 registers are
directly connected to the Arithmetic Logic Unit (ALU), allowing two independent registers to be accessed in one
single instruction executed in one clock cycle. The resulting architecture is more code efficient while achieving
throughputs up to ten times faster than conventional CISC microcontrollers.
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The ATmega640/1280/1281/2560/2561 provides the following features: 64K/128K/256K bytes of In-System Pro-
grammable Flash with Read-While-Write capabilities, 4Kbytes EEPROM, 8Kbytes SRAM, 54/86 general purpose
I/O lines, 32 general purpose working registers, Real Time Counter (RTC), six flexible Timer/Counters with com-
pare modes and PWM, four USARTs, a byte oriented 2-wire Serial Interface, a 16-channel, 10-bit ADC with
optional differential input stage with programmable gain, programmable Watchdog Timer with Internal Oscillator,
an SPI serial port, IEEE® std. 1149.1 compliant JTAG test interface, also used for accessing the On-chip Debug
system and programming and six software selectable power saving modes. The Idle mode stops the CPU while
allowing the SRAM, Timer/Counters, SPI port, and interrupt system to continue functioning. The Power-down
mode saves the register contents but freezes the Oscillator, disabling all other chip functions until the next interrupt
or Hardware Reset. In Power-save mode, the asynchronous timer continues to run, allowing the user to maintain a
timer base while the rest of the device is sleeping. The ADC Noise Reduction mode stops the CPU and all I/O mod-
ules except Asynchronous Timer and ADC, to minimize switching noise during ADC conversions. In Standby
mode, the Crystal/Resonator Oscillator is running while the rest of the device is sleeping. This allows very fast
start-up combined with low power consumption. In Extended Standby mode, both the main Oscillator and the
Asynchronous Timer continue to run.

Microchip offers the QTouch® library for embedding capacitive touch buttons, sliders and wheels functionality into
AVR microcontrollers. The patented charge-transfer signal acquisition offersrobust sensing and includes fully
debounced reporting of touch keys and includes Adjacent Key Suppression® (AKS®) technology for unambiguous
detection of key events. The easy-to-use QTouch Suite toolchain allows you to explore, develop and debug your
own touch applications.

The device is manufactured using the Microchip high-density nonvolatile memory technology. The On-chip ISP
Flash allows the program memory to be reprogrammed in-system through an SPI serial interface, by a conven-
tional nonvolatile memory programmer, or by an On-chip Boot program running on the AVR core. The boot
program can use any interface to download the application program in the application Flash memory. Software in
the Boot Flash section will continue to run while the Application Flash section is updated, providing true Read-
While-Write operation. By combining an 8-bit RISC CPU with In-System Self-Programmable Flash on a monolithic
chip, the ATmega640/1280/1281/2560/2561 is a powerful microcontroller that provides a highly flexible and cost
effective solution to many embedded control applications.

The ATmega640/1280/1281/2560/2561 AVR is supported with a full suite of program and system development
tools including: C compilers, macro assemblers, program debugger/simulators, in-circuit emulators, and evaluation
kits.
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2.2 Comparison Between ATmega1281/2561 and ATmega640/1280/2560

Each device in the ATmega640/1280/1281/2560/2561 family differs only in memory size and number of pins. Table
2-1 summarizes the different configurations for the six devices.

2.3 Pin Descriptions

2.3.1 VCC

Digital supply voltage.

2.3.2 GND

Ground.

2.3.3 Port A (PA7..PA0)

Port A is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port A output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port A pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port A pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port A also serves the functions of various special features of the ATmega640/1280/1281/2560/2561 as listed on
page 75.

2.3.4 Port B (PB7..PB0)

Port B is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port B output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port B pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port B pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port B has better driving capabilities than the other ports.

Port B also serves the functions of various special features of the ATmega640/1280/1281/2560/2561 as listed on
page 76.

2.3.5 Port C (PC7..PC0)

Port C is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port C output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port C pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port C pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port C also serves the functions of special features of the ATmega640/1280/1281/2560/2561 as listed on page 79.

Table 2-1. Configuration Summary

Device Flash EEPROM RAM
General

Purpose I/O pins
16 bits resolution
PWM channels

Serial
USARTs

ADC
Channels

ATmega640 64KB 4KB 8KB 86 12 4 16

ATmega1280 128KB 4KB 8KB 86 12 4 16

ATmega1281 128KB 4KB 8KB 54 6 2 8

ATmega2560 256KB 4KB 8KB 86 12 4 16

ATmega2561 256KB 4KB 8KB 54 6 2 8
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2.3.6 Port D (PD7..PD0)

Port D is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port D output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port D pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port D pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port D also serves the functions of various special features of the ATmega640/1280/1281/2560/2561 as listed on
page 80.

2.3.7 Port E (PE7..PE0)

Port E is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port E output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port E pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port E pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port E also serves the functions of various special features of the ATmega640/1280/1281/2560/2561 as listed on
page 82.

2.3.8 Port F (PF7..PF0)

Port F serves as analog inputs to the A/D Converter.

Port F also serves as an 8-bit bi-directional I/O port, if the A/D Converter is not used. Port pins can provide internal
pull-up resistors (selected for each bit). The Port F output buffers have symmetrical drive characteristics with both
high sink and source capability. As inputs, Port F pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port F pins are tri-stated when a reset condition becomes active, even if the clock is not
running. If the JTAG interface is enabled, the pull-up resistors on pins PF7(TDI), PF5(TMS), and PF4(TCK) will be
activated even if a reset occurs.

Port F also serves the functions of the JTAG interface.

2.3.9 Port G (PG5..PG0)

Port G is a 6-bit I/O port with internal pull-up resistors (selected for each bit). The Port G output buffers have sym-
metrical drive characteristics with both high sink and source capability. As inputs, Port G pins that are externally
pulled low will source current if the pull-up resistors are activated. The Port G pins are tri-stated when a reset con-
dition becomes active, even if the clock is not running.

Port G also serves the functions of various special features of the ATmega640/1280/1281/2560/2561 as listed on
page 86.

2.3.10 Port H (PH7..PH0)

Port H is a 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port H output buf-
fers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port H pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port H pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port H also serves the functions of various special features of the ATmega640/1280/2560 as listed on page 88.

2.3.11 Port J (PJ7..PJ0)

Port J is a 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port J output buffers
have symmetrical drive characteristics with both high sink and source capability. As inputs, Port J pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port J pins are tri-stated when a
reset condition becomes active, even if the clock is not running. Port J also serves the functions of various special
features of the ATmega640/1280/2560 as listed on page 90.
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2.3.12 Port K (PK7..PK0)

Port K serves as analog inputs to the A/D Converter.

Port K is a 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port K output buffers
have symmetrical drive characteristics with both high sink and source capability. As inputs, Port K pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port K pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port K also serves the functions of various special features of the ATmega640/1280/2560 as listed on page 92.

2.3.13 Port L (PL7..PL0)

Port L is a 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port L output buffers
have symmetrical drive characteristics with both high sink and source capability. As inputs, Port L pins that are
externally pulled low will source current if the pull-up resistors are activated. The Port L pins are tri-stated when a
reset condition becomes active, even if the clock is not running.

Port L also serves the functions of various special features of the ATmega640/1280/2560 as listed on page 94.

2.3.14 RESET

Reset input. A low level on this pin for longer than the minimum pulse length will generate a reset, even if the clock
is not running. The minimum pulse length is given in “System and Reset Characteristics” on page 360. Shorter
pulses are not guaranteed to generate a reset.

2.3.15 XTAL1

Input to the inverting Oscillator amplifier and input to the internal clock operating circuit.

2.3.16 XTAL2

Output from the inverting Oscillator amplifier.

2.3.17 AVCC

AVCC is the supply voltage pin for Port F and the A/D Converter. It should be externally connected to VCC, even if
the ADC is not used. If the ADC is used, it should be connected to VCC through a low-pass filter.

2.3.18 AREF

This is the analog reference pin for the A/D Converter.
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The user should poll the EEPE bit before starting the read operation. If a write operation is in progress, it is neither
possible to read the EEPROM, nor to change the EEAR Register.

9.3 General Purpose registers

9.3.1 GPIOR2 – General Purpose I/O Register 2

9.3.2 GPIOR1 – General Purpose I/O Register 1

9.3.3 GPIOR0 – General Purpose I/O Register 0

9.4 External Memory registers

9.4.1 XMCRA – External Memory Control Register A

• Bit 7 – SRE: External SRAM/XMEM Enable

Writing SRE to one enables the External Memory Interface.The pin functions AD7:0, A15:8, ALE, WR, and RD are
activated as the alternate pin functions. The SRE bit overrides any pin direction settings in the respective data
direction registers. Writing SRE to zero, disables the External Memory Interface and the normal pin and data direc-
tion settings are used.

• Bit 6:4 – SRL2:0: Wait-state Sector Limit

It is possible to configure different wait-states for different External Memory addresses. The external memory
address space can be divided in two sectors that have separate wait-state bits. The SRL2, SRL1, and SRL0 bits
select the split of the sectors, see Table 9-2 on page 37 and Figure 9-1 on page 27. By default, the SRL2, SRL1,
and SRL0 bits are set to zero and the entire external memory address space is treated as one sector. When the
entire SRAM address space is configured as one sector, the wait-states are configured by the SRW11 and SRW10
bits.

Bit 7 6 5 4 3 2 1 0

0x2B (0x4B) MSB LSB GPIOR2

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x2A (0x4A) MSB LSB GPIOR1

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x1E (0x3E) MSB LSB GPIOR0

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

“(0x74)” SRE SRL2 SRL1 SRL0 SRW11 SRW10 SRW01 SRW00 XMCRA

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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• Bit 3:2 – SRW11, SRW10: Wait-state Select Bits for Upper Sector

The SRW11 and SRW10 bits control the number of wait-states for the upper sector of the external memory
address space, see Table 9-3.

• Bit 1:0 – SRW01, SRW00: Wait-state Select Bits for Lower Sector

The SRW01 and SRW00 bits control the number of wait-states for the lower sector of the external memory address
space, see Table 9-3.

Note: 1. n = 0 or 1 (lower/upper sector).
For further details of the timing and wait-states of the External Memory Interface, see Figure 9-3 on page 29
through Figure 9-6 on page 31 for how the setting of the SRW bits affects the timing.

Table 9-2. Sector limits with different settings of SRL2:0

SRL2 SRL1 SRL0 Sector Limits

0 0 x
Lower sector = N/A

Upper sector = 0x2200 - 0xFFFF

0 1 0
Lower sector = 0x2200 - 0x3FFF
Upper sector = 0x4000 - 0xFFFF

0 1 1
Lower sector = 0x2200 - 0x5FFF
Upper sector = 0x6000 - 0xFFFF

1 0 0
Lower sector = 0x2200 - 0x7FFF
Upper sector = 0x8000 - 0xFFFF

1 0 1
Lower sector = 0x2200 - 0x9FFF
Upper sector = 0xA000 - 0xFFFF

1 1 0
Lower sector = 0x2200 - 0xBFFF
Upper sector = 0xC000 - 0xFFFF

1 1 1
Lower sector = 0x2200 - 0xDFFF
Upper sector = 0xE000 - 0xFFFF

Table 9-3. Wait States(1)

SRWn1 SRWn0 Wait States

0 0 No wait-states

0 1 Wait one cycle during read/write strobe

1 0 Wait two cycles during read/write strobe

1 1 Wait two cycles during read/write and wait one cycle before driving out new address
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9.4.2 XMCRB – External Memory Control Register B

• Bit 7– XMBK: External Memory Bus-keeper Enable

Writing XMBK to one enables the bus keeper on the AD7:0 lines. When the bus keeper is enabled, AD7:0 will keep
the last driven value on the lines even if the XMEM interface has tri-stated the lines. Writing XMBK to zero disables
the bus keeper. XMBK is not qualified with SRE, so even if the XMEM interface is disabled, the bus keepers are
still activated as long as XMBK is one.

• Bit 6:3 – Res: Reserved Bits

These bits are reserved and will always read as zero. When writing to this address location, write these bits to zero
for compatibility with future devices.

• Bit 2:0 – XMM2, XMM1, XMM0: External Memory High Mask

When the External Memory is enabled, all Port C pins are default used for the high address byte. If the full
60Kbytes address space is not required to access the External Memory, some, or all, Port C pins can be released
for normal Port Pin function as described in Table 9-4. As described in “Using all 64Kbytes Locations of External
Memory” on page 32, it is possible to use the XMMn bits to access all 64Kbytes locations of the External Memory.

Bit 7 6 5 4 3 2 1 0

(0x75) XMBK – – – – XMM2 XMM1 XMM0 XMCRB

Read/Write R/W R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 9-4. Port C Pins Released as Normal Port Pins when the External Memory is Enabled

XMM2 XMM1 XMM0 # Bits for External Memory Address Released Port Pins

0 0 0 8 (Full 56Kbytes space) None

0 0 1 7 PC7

0 1 0 6 PC7 - PC6

0 1 1 5 PC7 - PC5

1 0 0 4 PC7 - PC4

1 0 1 3 PC7 - PC3

1 1 0 2 PC7 - PC2

1 1 1 No Address high bits Full Port C
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10.2.3 Flash Clock – clkFLASH

The Flash clock controls operation of the Flash interface. The Flash clock is usually active simultaneously with the
CPU clock.

10.2.4 Asynchronous Timer Clock – clkASY

The Asynchronous Timer clock allows the Asynchronous Timer/Counter to be clocked directly from an external
clock or an external 32kHz clock crystal. The dedicated clock domain allows using this Timer/Counter as a real-
time counter even when the device is in sleep mode.

10.2.5 ADC Clock – clkADC

The ADC is provided with a dedicated clock domain. This allows halting the CPU and I/O clocks in order to reduce
noise generated by digital circuitry. This gives more accurate ADC conversion results.

10.3 Clock Sources

The device has the following clock source options, selectable by Flash Fuse bits as shown below. The clock from
the selected source is input to the AVR clock generator, and routed to the appropriate modules.

Note: 1. For all fuses “1” means unprogrammed while “0” means programmed.

10.3.1 Default Clock Source

The device is shipped with internal RC oscillator at 8.0MHz and with the fuse CKDIV8 programmed, resulting in
1.0MHz system clock. The startup time is set to maximum and time-out period enabled. (CKSEL = "0010", SUT =
"10", CKDIV8 = "0"). The default setting ensures that all users can make their desired clock source setting using
any available programming interface.

10.3.2 Clock Start-up Sequence

Any clock source needs a sufficient VCC to start oscillating and a minimum number of oscillating cycles before it
can be considered stable.

To ensure sufficient VCC, the device issues an internal reset with a time-out delay (tTOUT) after the device reset is
released by all other reset sources. “On-chip Debug System” on page 53 describes the start conditions for the
internal reset. The delay (tTOUT) is timed from the Watchdog Oscillator and the number of cycles in the delay is set
by the SUTx and CKSELx fuse bits. The selectable delays are shown in Table 10-2 on page 41. The frequency of
the Watchdog Oscillator is voltage dependent as shown in “Typical Characteristics” on page 373.

Table 10-1. Device Clocking Options Select(1)

Device Clocking Option CKSEL3:0

Low Power Crystal Oscillator 1111 - 1000

Full Swing Crystal Oscillator 0111 - 0110

Low Frequency Crystal Oscillator 0101 - 0100

Internal 128kHz RC Oscillator 0011

Calibrated Internal RC Oscillator 0010

External Clock 0000

Reserved 0001
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Table 10-15. Clock Prescaler Select

CLKPS3 CLKPS2 CLKPS1 CLKPS0 Clock Division Factor

0 0 0 0 1

0 0 0 1 2

0 0 1 0 4

0 0 1 1 8

0 1 0 0 16

0 1 0 1 32

0 1 1 0 64

0 1 1 1 128

1 0 0 0 256

1 0 0 1 Reserved

1 0 1 0 Reserved

1 0 1 1 Reserved

1 1 0 0 Reserved

1 1 0 1 Reserved

1 1 1 0 Reserved

1 1 1 1 Reserved
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11. Power Management and Sleep Modes

Sleep modes enable the application to shut down unused modules in the MCU, thereby saving power. The AVR
provides various sleep modes allowing the user to tailor the power consumption to the application’s requirements.

11.1 Sleep Modes

Figure 10-1 on page 39 presents the different clock systems in the ATmega640/1280/1281/2560/2561, and their
distribution. The figure is helpful in selecting an appropriate sleep mode. Table 11-1 shows the different sleep
modes and their wake-up sources.

Note: 1. Only recommended with external crystal or resonator selected as clock source.
2. If Timer/Counter2 is running in asynchronous mode.
3. For INT7:4, only level interrupt.

To enter any of the sleep modes, the SE bit in “SMCR – Sleep Mode Control Register” on page 54 must be written
to logic one and a SLEEP instruction must be executed. The SM2, SM1, and SM0 bits in the SMCR Register select
which sleep mode will be activated by the SLEEP instruction. See Table 11-2 on page 54 for a summary.

If an enabled interrupt occurs while the MCU is in a sleep mode, the MCU wakes up. The MCU is then halted for
four cycles in addition to the start-up time, executes the interrupt routine, and resumes execution from the instruc-
tion following SLEEP. The contents of the Register File and SRAM are unaltered when the device wakes up from
sleep. If a reset occurs during sleep mode, the MCU wakes up and executes from the Reset Vector.

11.2 Idle Mode

When the SM2:0 bits are written to 000, the SLEEP instruction makes the MCU enter Idle mode, stopping the CPU
but allowing the SPI, USART, Analog Comparator, ADC, 2-wire Serial Interface, Timer/Counters, Watchdog, and
the interrupt system to continue operating. This sleep mode basically halts clkCPU and clkFLASH, while allowing the
other clocks to run.

Idle mode enables the MCU to wake up from external triggered interrupts as well as internal ones like the Timer
Overflow and USART Transmit Complete interrupts. If wake-up from the Analog Comparator interrupt is not
required, the Analog Comparator can be powered down by setting the ACD bit in the Analog Comparator Control
and Status Register – ACSR. This will reduce power consumption in Idle mode. If the ADC is enabled, a conver-
sion starts automatically when this mode is entered.

Table 11-1. Active Clock Domains and Wake-up Sources in the Different Sleep Modes.

Active Clock Domains Oscillators Wake-up Sources
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Idle X X X X X(2) X X X X X X X

ADCNRM X X X X(2) X(3) X X(2) X X X

Power-down X(3) X X

Power-save X X(2) X(3) X X X

Standby(1) X X(3) X X

Extended Standby X(2) X X(2) X(3) X X X
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11.3 ADC Noise Reduction Mode

When the SM2:0 bits are written to 001, the SLEEP instruction makes the MCU enter ADC Noise Reduction mode,
stopping the CPU but allowing the ADC, the external interrupts, 2-wire Serial Interface address match,
Timer/Counter2 and the Watchdog to continue operating (if enabled). This sleep mode basically halts clkI/O, clk-
CPU, and clkFLASH, while allowing the other clocks to run.

This improves the noise environment for the ADC, enabling higher resolution measurements. If the ADC is
enabled, a conversion starts automatically when this mode is entered. Apart form the ADC Conversion Complete
interrupt, only an External Reset, a Watchdog System Reset, a Watchdog interrupt, a Brown-out Reset, a 2-wire
serial interface interrupt, a Timer/Counter2 interrupt, an SPM/EEPROM ready interrupt, an external level interrupt
on INT7:4 or a pin change interrupt can wakeup the MCU from ADC Noise Reduction mode.

11.4 Power-down Mode

When the SM2:0 bits are written to 010, the SLEEP instruction makes the MCU enter Power-down mode. In this
mode, the external Oscillator is stopped, while the external interrupts, the 2-wire Serial Interface, and the Watch-
dog continue operating (if enabled). Only an External Reset, a Watchdog Reset, a Brown-out Reset, 2-wire Serial
Interface address match, an external level interrupt on INT7:4, an external interrupt on INT3:0, or a pin change
interrupt can wake up the MCU. This sleep mode basically halts all generated clocks, allowing operation of asyn-
chronous modules only.

Note that if a level triggered interrupt is used for wake-up from Power-down mode, the changed level must be held
for some time to wake up the MCU. Refer to “External Interrupts” on page 109 for details.

When waking up from Power-down mode, there is a delay from the wake-up condition occurs until the wake-up
becomes effective. This allows the clock to restart and become stable after having been stopped. The wake-up
period is defined by the same CKSEL Fuses that define the Reset Time-out period, as described in “Clock
Sources” on page 40.

11.5 Power-save Mode

When the SM2:0 bits are written to 011, the SLEEP instruction makes the MCU enter Power-save mode. This
mode is identical to Power-down, with one exception:

If Timer/Counter2 is enabled, it will keep running during sleep. The device can wake up from either Timer Overflow
or Output Compare event from Timer/Counter2 if the corresponding Timer/Counter2 interrupt enable bits are set in
TIMSK2, and the Global Interrupt Enable bit in SREG is set. If Timer/Counter2 is not running, Power-down mode is
recommended instead of Power-save mode.

The Timer/Counter2 can be clocked both synchronously and asynchronously in Power-save mode. If the
Timer/Counter2 is not using the asynchronous clock, the Timer/Counter Oscillator is stopped during sleep. If the
Timer/Counter2 is not using the synchronous clock, the clock source is stopped during sleep. Note that even if the
synchronous clock is running in Power-save, this clock is only available for the Timer/Counter2.

11.6 Standby Mode

When the SM2:0 bits are 110 and an external crystal/resonator clock option is selected, the SLEEP instruction
makes the MCU enter Standby mode. This mode is identical to Power-down with the exception that the Oscillator is
kept running. From Standby mode, the device wakes up in six clock cycles.

11.7 Extended Standby Mode

When the SM2:0 bits are 111 and an external crystal/resonator clock option is selected, the SLEEP instruction
makes the MCU enter Extended Standby mode. This mode is identical to Power-save mode with the exception that
the Oscillator is kept running. From Extended Standby mode, the device wakes up in six clock cycles.
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11.8 Power Reduction Register

The Power Reduction Register (PRR), see “PRR0 – Power Reduction Register 0” on page 55 and “PRR1 – Power
Reduction Register 1” on page 56, provides a method for stopping the clock to individual peripherals to reduce
power consumption.

Note that when the clock for a peripheral is stopped, then:

• The current state of the peripheral is frozen

• The associated registers can not be read or written

• Resources used by the peripherals (for example I/O pin, etc.) will remain occupied

The peripheral should in most cases be disabled before stopping the clock. Waking up a module, which is done by
cleaning the bit in PRR, puts the module in the same state as before shutdown. Module shutdown can be used in
Idle mode or Active mode to significantly reduce the overall power consumption. See “Power-down Supply Cur-
rent” on page 380 for examples. In all other sleep modes, the clock is already stopped.

11.9 Minimizing Power Consumption

There are several issues to consider when trying to minimize the power consumption in an AVR controlled system.
In general, sleep modes should be used as much as possible, and the sleep mode should be selected so that as
few as possible of the device’s functions are operating. All functions not needed should be disabled. In particular,
the following modules may need special consideration when trying to achieve the lowest possible power
consumption.

11.9.1 Analog to Digital Converter

If enabled, the ADC will be enabled in all sleep modes. To save power, the ADC should be disabled before entering
any sleep mode. When the ADC is turned off and on again, the next conversion will be an extended conversion.
Refer to “ADC – Analog to Digital Converter” on page 268 for details on ADC operation.

11.9.2 Analog Comparator

When entering Idle mode, the Analog Comparator should be disabled if not used. When entering ADC Noise
Reduction mode, the Analog Comparator should be disabled. In other sleep modes, the Analog Comparator is
automatically disabled. However, if the Analog Comparator is set up to use the Internal Voltage Reference as
input, the Analog Comparator should be disabled in all sleep modes. Otherwise, the Internal Voltage Reference will
be enabled, independent of sleep mode. Refer to “AC – Analog Comparator” on page 265 for details on how to
configure the Analog Comparator.

11.9.3 Brown-out Detector

If the Brown-out Detector is not needed by the application, this module should be turned off. If the Brown-out
Detector is enabled by the BODLEVEL Fuses, it will be enabled in all sleep modes, and hence, always consume
power. In the deeper sleep modes, this will contribute significantly to the total current consumption. Refer to
“Brown-out Detection” on page 59 for details on how to configure the Brown-out Detector.

11.9.4 Internal Voltage Reference

The Internal Voltage Reference will be enabled when needed by the Brown-out Detection, the Analog Comparator
or the ADC. If these modules are disabled as described in the sections above, the internal voltage reference will be
disabled and it will not be consuming power. When turned on again, the user must allow the reference to start up
before the output is used. If the reference is kept on in sleep mode, the output can be used immediately. Refer to
“Internal Voltage Reference” on page 60 for details on the start-up time.
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11.9.5 Watchdog Timer

If the Watchdog Timer is not needed in the application, the module should be turned off. If the Watchdog Timer is
enabled, it will be enabled in all sleep modes, and hence, always consume power. In the deeper sleep modes, this
will contribute significantly to the total current consumption. Refer to “Interrupts” on page 101 for details on how to
configure the Watchdog Timer.

11.9.6 Port Pins

When entering a sleep mode, all port pins should be configured to use minimum power. The most important is then
to ensure that no pins drive resistive loads. In sleep modes where both the I/O clock (clkI/O) and the ADC clock
(clkADC) are stopped, the input buffers of the device will be disabled. This ensures that no power is consumed by
the input logic when not needed. In some cases, the input logic is needed for detecting wake-up conditions, and it
will then be enabled. Refer to the section “Digital Input Enable and Sleep Modes” on page 71 for details on which
pins are enabled. If the input buffer is enabled and the input signal is left floating or have an analog signal level
close to VCC/2, the input buffer will use excessive power.

For analog input pins, the digital input buffer should be disabled at all times. An analog signal level close to VCC/2
on an input pin can cause significant current even in active mode. Digital input buffers can be disabled by writing to
the Digital Input Disable Registers (DIDR2, DIDR1 and DIDR0). Refer to “DIDR2 – Digital Input Disable Register 2”
on page 288, “DIDR1 – Digital Input Disable Register 1” on page 267, and “DIDR0 – Digital Input Disable Register
0” on page 287 for details.

11.9.7 On-chip Debug System

If the On-chip debug system is enabled by the OCDEN Fuse and the chip enters sleep mode, the main clock
source is enabled, and hence, always consumes power. In the deeper sleep modes, this will contribute significantly
to the total current consumption.

There are three alternative ways to disable the OCD system:

• Disable the OCDEN Fuse

• Disable the JTAGEN Fuse

• Write one to the JTD bit in MCUCR
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11.10 Register Description

11.10.1 SMCR – Sleep Mode Control Register

The Sleep Mode Control Register contains control bits for power management.

• Bits 3, 2, 1 – SM2:0: Sleep Mode Select Bits 2, 1, and 0

These bits select between the five available sleep modes as shown in Table 11-2.

Note: 1. Standby modes are only recommended for use with external crystals or resonators.

• Bit 1 – SE: Sleep Enable

The SE bit must be written to logic one to make the MCU enter the sleep mode when the SLEEP instruction is exe-
cuted. To avoid the MCU entering the sleep mode unless it is the programmer’s purpose, it is recommended to
write the Sleep Enable (SE) bit to one just before the execution of the SLEEP instruction and to clear it immediately
after waking up.

Bit 7 6 5 4 3 2 1 0

0x33 (0x53) – – – – SM2 SM1 SM0 SE SMCR

Read/Write R R R R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 11-2. Sleep Mode Select

SM2 SM1 SM0 Sleep Mode

0 0 0 Idle

0 0 1 ADC Noise Reduction

0 1 0 Power-down

0 1 1 Power-save

1 0 0 Reserved

1 0 1 Reserved

1 1 0 Standby(1)

1 1 1 Extended Standby(1)
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11.10.2 PRR0 – Power Reduction Register 0

• Bit 7 - PRTWI: Power Reduction TWI

Writing a logic one to this bit shuts down the TWI by stopping the clock to the module. When waking up the TWI
again, the TWI should be re initialized to ensure proper operation.

• Bit 6 - PRTIM2: Power Reduction Timer/Counter2

Writing a logic one to this bit shuts down the Timer/Counter2 module in synchronous mode (AS2 is 0). When the
Timer/Counter2 is enabled, operation will continue like before the shutdown.

• Bit 5 - PRTIM0: Power Reduction Timer/Counter0

Writing a logic one to this bit shuts down the Timer/Counter0 module. When the Timer/Counter0 is enabled, opera-
tion will continue like before the shutdown.

• Bit 4 - Res: Reserved bit

This bit is reserved bit and will always read as zero.

• Bit 3 - PRTIM1: Power Reduction Timer/Counter1

Writing a logic one to this bit shuts down the Timer/Counter1 module. When the Timer/Counter1 is enabled, opera-
tion will continue like before the shutdown.

• Bit 2 - PRSPI: Power Reduction Serial Peripheral Interface

Writing a logic one to this bit shuts down the Serial Peripheral Interface by stopping the clock to the module. When
waking up the SPI again, the SPI should be re initialized to ensure proper operation.

• Bit 1 - PRUSART0: Power Reduction USART0

Writing a logic one to this bit shuts down the USART0 by stopping the clock to the module. When waking up the
USART0 again, the USART0 should be re initialized to ensure proper operation.

• Bit 0 - PRADC: Power Reduction ADC

Writing a logic one to this bit shuts down the ADC. The ADC must be disabled before shut down. The analog com-
parator cannot use the ADC input MUX when the ADC is shut down.

Bit 7 6 5 4 3 2 1 0

(0x64) PRTWI PRTIM2 PRTIM0 – PRTIM1 PRSPI PRUSART0 PRADC PRR0

Read/Write R/W R/W R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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11.10.3 PRR1 – Power Reduction Register 1

• Bit 7:6 - Res: Reserved bits

These bits are reserved and will always read as zero.

• Bit 5 - PRTIM5: Power Reduction Timer/Counter5

Writing a logic one to this bit shuts down the Timer/Counter5 module. When the Timer/Counter5 is enabled, opera-
tion will continue like before the shutdown.

• Bit 4 - PRTIM4: Power Reduction Timer/Counter4

Writing a logic one to this bit shuts down the Timer/Counter4 module. When the Timer/Counter4 is enabled, opera-
tion will continue like before the shutdown.

• Bit 3 - PRTIM3: Power Reduction Timer/Counter3

Writing a logic one to this bit shuts down the Timer/Counter3 module. When the Timer/Counter3 is enabled, opera-
tion will continue like before the shutdown.

• Bit 2 - PRUSART3: Power Reduction USART3

Writing a logic one to this bit shuts down the USART3 by stopping the clock to the module. When waking up the
USART3 again, the USART3 should be re initialized to ensure proper operation.

• Bit 1 - PRUSART2: Power Reduction USART2

Writing a logic one to this bit shuts down the USART2 by stopping the clock to the module. When waking up the
USART2 again, the USART2 should be re initialized to ensure proper operation.

• Bit 0 - PRUSART1: Power Reduction USART1

Writing a logic one to this bit shuts down the USART1 by stopping the clock to the module. When waking up the
USART1 again, the USART1 should be re initialized to ensure proper operation.

Bit 7 6 5 4 3 2 1 0

(0x65) – – PRTIM5 PRTIM4 PRTIM3 PRUSART3 PRUSART2 PRUSART1 PRR1

Read/Write R R R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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12. System Control and Reset

12.1 Resetting the AVR

During reset, all I/O Registers are set to their initial values, and the program starts execution from the Reset Vec-
tor. The instruction placed at the Reset Vector must be a JMP – Absolute Jump – instruction to the reset handling
routine. If the program never enables an interrupt source, the Interrupt Vectors are not used, and regular program
code can be placed at these locations. This is also the case if the Reset Vector is in the Application section while
the Interrupt Vectors are in the Boot section or vice versa. The circuit diagram in Figure 12-1 on page 58 shows the
reset logic. “System and Reset Characteristics” on page 360 defines the electrical parameters of the reset circuitry.

The I/O ports of the AVR are immediately reset to their initial state when a reset source goes active. This does not
require any clock source to be running.

After all reset sources have gone inactive, a delay counter is invoked, stretching the internal reset. This allows the
power to reach a stable level before normal operation starts. The time-out period of the delay counter is defined by
the user through the SUT and CKSEL Fuses. The different selections for the delay period are presented in “Clock
Sources” on page 40.

12.2 Reset Sources

The ATmega640/1280/1281/2560/2561 has five sources of reset:

• Power-on Reset. The MCU is reset when the supply voltage is below the Power-on Reset threshold (VPOT)

• External Reset. The MCU is reset when a low level is present on the RESET pin for longer than the minimum
pulse length

• Watchdog Reset. The MCU is reset when the Watchdog Timer period expires and the Watchdog is enabled

• Brown-out Reset. The MCU is reset when the supply voltage AVCC is below the Brown-out Reset threshold
(VBOT) and the Brown-out Detector is enabled

• JTAG AVR Reset. The MCU is reset as long as there is a logic one in the Reset Register, one of the scan
chains of the JTAG system. Refer to the section “IEEE 1149.1 (JTAG) Boundary-scan” on page 295 for details
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12.4 Watchdog Timer

12.4.1 Features

• Clocked from separate On-chip Oscillator
• Three Operating modes

– Interrupt
– System Reset
– Interrupt and System Reset

• Selectable Time-out period from 16ms to 8s
• Possible Hardware fuse Watchdog always on (WDTON) for fail-safe mode

Figure 12-7. Watchdog Timer

12.4.2 Overview

ATmega640/1280/1281/2560/2561 has an Enhanced Watchdog Timer (WDT). The WDT is a timer counting cycles
of a separate on-chip 128kHz oscillator. The WDT gives an interrupt or a system reset when the counter reaches a
given time-out value. In normal operation mode, it is required that the system uses the WDR - Watchdog Timer
Reset - instruction to restart the counter before the time-out value is reached. If the system doesn't restart the
counter, an interrupt or system reset will be issued.

In Interrupt mode, the WDT gives an interrupt when the timer expires. This interrupt can be used to wake the
device from sleep-modes, and also as a general system timer. One example is to limit the maximum time allowed
for certain operations, giving an interrupt when the operation has run longer than expected. In System Reset mode,
the WDT gives a reset when the timer expires. This is typically used to prevent system hang-up in case of runaway
code. The third mode, Interrupt and System Reset mode, combines the other two modes by first giving an interrupt
and then switch to System Reset mode. This mode will for instance allow a safe shutdown by saving critical param-
eters before a system reset.

The Watchdog always on (WDTON) fuse, if programmed, will force the Watchdog Timer to System Reset mode.
With the fuse programmed the System Reset mode bit (WDE) and Interrupt mode bit (WDIE) are locked to 1 and 0
respectively. To further ensure program security, alterations to the Watchdog set-up must follow timed sequences.
The sequence for clearing WDE and changing time-out configuration is as follows:

1. In the same operation, write a logic one to the Watchdog change enable bit (WDCE) and WDE. A logic one
must be written to WDE regardless of the previous value of the WDE bit.

2. Within the next four clock cycles, write the WDE and Watchdog prescaler bits (WDP) as desired, but with
the WDCE bit cleared. This must be done in one operation.

The following code example shows one assembly and one C function for turning off the Watchdog Timer. The
example assumes that interrupts are controlled (for example by disabling interrupts globally) so that no interrupts
will occur during the execution of these functions.
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12.5 Register Description

12.5.1 MCUSR – MCU Status Register

The MCU Status Register provides information on which reset source caused an MCU reset.

• Bit 4 – JTRF: JTAG Reset Flag

This bit is set if a reset is being caused by a logic one in the JTAG Reset Register selected by the JTAG instruction
AVR_RESET. This bit is reset by a Power-on Reset, or by writing a logic zero to the flag.

• Bit 3 – WDRF: Watchdog Reset Flag

This bit is set if a Watchdog Reset occurs. The bit is reset by a Power-on Reset, or by writing a logic zero to the
flag.

• Bit 2 – BORF: Brown-out Reset Flag

This bit is set if a Brown-out Reset occurs. The bit is reset by a Power-on Reset, or by writing a logic zero to the
flag.

• Bit 1 – EXTRF: External Reset Flag

This bit is set if an External Reset occurs. The bit is reset by a Power-on Reset, or by writing a logic zero to the flag.

• Bit 0 – PORF: Power-on Reset Flag

This bit is set if a Power-on Reset occurs. The bit is reset only by writing a logic zero to the flag.

To make use of the Reset Flags to identify a reset condition, the user should read and then Reset the MCUSR as
early as possible in the program. If the register is cleared before another reset occurs, the source of the reset can
be found by examining the Reset Flags.

Bit 7 6 5 4 3 2 1 0

0x35 (0x55) – – – JTRF WDRF BORF EXTRF PORF MCUSR

Read/Write R R R R/W R/W R/W R/W R/W

Initial Value 0 0 0 See Bit Description
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12.5.2 WDTCSR – Watchdog Timer Control Register

• Bit 7 - WDIF: Watchdog Interrupt Flag

This bit is set when a time-out occurs in the Watchdog Timer and the Watchdog Timer is configured for interrupt.
WDIF is cleared by hardware when executing the corresponding interrupt handling vector. Alternatively, WDIF is
cleared by writing a logic one to the flag. When the I-bit in SREG and WDIE are set, the Watchdog Time-out Inter-
rupt is executed.

• Bit 6 - WDIE: Watchdog Interrupt Enable

When this bit is written to one and the I-bit in the Status Register is set, the Watchdog Interrupt is enabled. If WDE
is cleared in combination with this setting, the Watchdog Timer is in Interrupt Mode, and the corresponding inter-
rupt is executed if time-out in the Watchdog Timer occurs.

If WDE is set, the Watchdog Timer is in Interrupt and System Reset Mode. The first time-out in the Watchdog
Timer will set WDIF. Executing the corresponding interrupt vector will clear WDIE and WDIF automatically by hard-
ware (the Watchdog goes to System Reset Mode). This is useful for keeping the Watchdog Timer security while
using the interrupt. To stay in Interrupt and System Reset Mode, WDIE must be set after each interrupt. This
should however not be done within the interrupt service routine itself, as this might compromise the safety-function
of the Watchdog System Reset mode. If the interrupt is not executed before the next time-out, a System Reset will
be applied.

Note: 1. WDTON Fuse set to “0“ means programmed and “1” means unprogrammed.

• Bit 4 - WDCE: Watchdog Change Enable

This bit is used in timed sequences for changing WDE and prescaler bits. To clear the WDE bit, and/or change the
prescaler bits, WDCE must be set.

Once written to one, hardware will clear WDCE after four clock cycles.

• Bit 3 - WDE: Watchdog System Reset Enable

WDE is overridden by WDRF in MCUSR. This means that WDE is always set when WDRF is set. To clear WDE,
WDRF must be cleared first. This feature ensures multiple resets during conditions causing failure, and a safe
start-up after the failure.

• Bit 5, 2:0 - WDP3:0: Watchdog Timer Prescaler 3, 2, 1 and 0

The WDP3:0 bits determine the Watchdog Timer prescaling when the Watchdog Timer is running. The different
prescaling values and their corresponding time-out periods are shown in Table 12-2 on page 66.

Bit 7 6 5 4 3 2 1 0

(0x60) WDIF WDIE WDP3 WDCE WDE WDP2 WDP1 WDP0 WDTCSR

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 X 0 0 0

Table 12-1. Watchdog Timer Configuration

WDTON(1) WDE WDIE Mode Action on Time-out

1 0 0 Stopped None

1 0 1 Interrupt Mode Interrupt

1 1 0 System Reset Mode Reset

1 1 1 Interrupt and System Reset Mode Interrupt, then go to System Reset Mode

0 x x System Reset Mode Reset
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Table 12-2. Watchdog Timer Prescale Select

WDP3 WDP2 WDP1 WDP0 Number of WDT Oscillator Cycles Typical Time-out at VCC = 5.0V

0 0 0 0 2K (2048) cycles 16ms

0 0 0 1 4K (4096) cycles 32ms

0 0 1 0 8K (8192) cycles 64ms

0 0 1 1 16K (16384) cycles 0.125s

0 1 0 0 32K (32768) cycles 0.25s

0 1 0 1 64K (65536) cycles 0.5s

0 1 1 0 128K (131072) cycles 1.0s

0 1 1 1 256K (262144) cycles 2.0s

1 0 0 0 512K (524288) cycles 4.0s

1 0 0 1 1024K (1048576) cycles 8.0s

1 0 1 0

Reserved

1 0 1 1

1 1 0 0

1 1 0 1

1 1 1 0

1 1 1 1
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13. I/O-Ports

13.1 Introduction

All AVR ports have true Read-Modify-Write functionality when used as general digital I/O ports. This means that
the direction of one port pin can be changed without unintentionally changing the direction of any other pin with the
SBI and CBI instructions. The same applies when changing drive value (if configured as output) or enabling/dis-
abling of pull-up resistors (if configured as input). Each output buffer has symmetrical drive characteristics with
both high sink and source capability. The pin driver is strong enough to drive LED displays directly. All port pins
have individually selectable pull-up resistors with a supply-voltage invariant resistance. All I/O pins have protection
diodes to both VCC and Ground as indicated in Figure 13-1. Refer to “Electrical Characteristics” on page 355 for a
complete list of parameters.

Figure 13-1. I/O Pin Equivalent Schematic

All registers and bit references in this section are written in general form. A lower case “x” represents the number-
ing letter for the port, and a lower case “n” represents the bit number. However, when using the register or bit
defines in a program, the precise form must be used. For example, PORTB3 for bit no. 3 in Port B, here docu-
mented generally as PORTxn. The physical I/O Registers and bit locations are listed in “Table 13-34 and Table 13-
35 relates the alternate functions of Port L to the overriding signals shown in Figure 13-5 on page 73.” on page 95.

Three I/O memory address locations are allocated for each port, one each for the Data Register – PORTx, Data
Direction Register – DDRx, and the Port Input Pins – PINx. The Port Input Pins I/O location is read only, while the
Data Register and the Data Direction Register are read/write. However, writing a logic one to a bit in the PINx Reg-
ister, will result in a toggle in the corresponding bit in the Data Register. In addition, the Pull-up Disable – PUD bit
in MCUCR disables the pull-up function for all pins in all ports when set.

Using the I/O port as General Digital I/O is described in “Ports as General Digital I/O” on page 68. Most port pins
are multiplexed with alternate functions for the peripheral features on the device. How each alternate function inter-
feres with the port pin is described in “Alternate Port Functions” on page 72. Refer to the individual module sections
for a full description of the alternate functions.

Note that enabling the alternate function of some of the port pins does not affect the use of the other pins in the port
as general digital I/O.

Cpin

Logic

Rpu

See Figure
"General Digital I/O" for

Details

Pxn
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14. Interrupts

This section describes the specifics of the interrupt handling as performed in ATmega640/1280/1281/2560/2561.
For a general explanation of the AVR interrupt handling, refer to “Reset and Interrupt Handling” on page 17.

14.1 Interrupt Vectors in ATmega640/1280/1281/2560/2561

Table 14-1. Reset and Interrupt Vectors

Vector No. Program Address(2) Source Interrupt Definition

1 $0000(1) RESET
External Pin, Power-on Reset, Brown-out Reset, Watchdog

Reset, and JTAG AVR Reset

2 $0002 INT0 External Interrupt Request 0

3 $0004 INT1 External Interrupt Request 1

4 $0006 INT2 External Interrupt Request 2

5 $0008 INT3 External Interrupt Request 3

6 $000A INT4 External Interrupt Request 4

7 $000C INT5 External Interrupt Request 5

8 $000E INT6 External Interrupt Request 6

9 $0010 INT7 External Interrupt Request 7

10 $0012 PCINT0 Pin Change Interrupt Request 0

11 $0014 PCINT1 Pin Change Interrupt Request 1

12 $0016(3) PCINT2 Pin Change Interrupt Request 2

13 $0018 WDT Watchdog Time-out Interrupt

14 $001A TIMER2 COMPA Timer/Counter2 Compare Match A

15 $001C TIMER2 COMPB Timer/Counter2 Compare Match B

16 $001E TIMER2 OVF Timer/Counter2 Overflow

17 $0020 TIMER1 CAPT Timer/Counter1 Capture Event

18 $0022 TIMER1 COMPA Timer/Counter1 Compare Match A

19 $0024 TIMER1 COMPB Timer/Counter1 Compare Match B

20 $0026 TIMER1 COMPC Timer/Counter1 Compare Match C

21 $0028 TIMER1 OVF Timer/Counter1 Overflow

22 $002A TIMER0 COMPA Timer/Counter0 Compare Match A

23 $002C TIMER0 COMPB Timer/Counter0 Compare match B

24 $002E TIMER0 OVF Timer/Counter0 Overflow

25 $0030 SPI, STC SPI Serial Transfer Complete

26 $0032 USART0 RX USART0 Rx Complete

27 $0034 USART0 UDRE USART0 Data Register Empty

28 $0036 USART0 TX USART0 Tx Complete

29 $0038 ANALOG COMP Analog Comparator

30 $003A ADC ADC Conversion Complete
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Notes: 1. When the BOOTRST Fuse is programmed, the device will jump to the Boot Loader address at reset, see “Memory
Programming” on page 325.

2. When the IVSEL bit in MCUCR is set, Interrupt Vectors will be moved to the start of the Boot Flash Section. The
address of each Interrupt Vector will then be the address in this table added to the start address of the Boot Flash
Section.

3. Only available in ATmega640/1280/2560.

14.2 Reset and Interrupt Vector placement

Table 14-2 on page 103 shows Reset and Interrupt Vectors placement for the various combinations of BOOTRST
and IVSEL settings. If the program never enables an interrupt source, the Interrupt Vectors are not used, and reg-
ular program code can be placed at these locations. This is also the case if the Reset Vector is in the Application
section while the Interrupt Vectors are in the Boot section or vice versa.

31 $003C EE READY EEPROM Ready

32 $003E TIMER3 CAPT Timer/Counter3 Capture Event

33 $0040 TIMER3 COMPA Timer/Counter3 Compare Match A

34 $0042 TIMER3 COMPB Timer/Counter3 Compare Match B

35 $0044 TIMER3 COMPC Timer/Counter3 Compare Match C

36 $0046 TIMER3 OVF Timer/Counter3 Overflow

37 $0048 USART1 RX USART1 Rx Complete

38 $004A USART1 UDRE USART1 Data Register Empty

39 $004C USART1 TX USART1 Tx Complete

40 $004E TWI 2-wire Serial Interface

41 $0050 SPM READY Store Program Memory Ready

42 $0052(3) TIMER4 CAPT Timer/Counter4 Capture Event

43 $0054 TIMER4 COMPA Timer/Counter4 Compare Match A

44 $0056 TIMER4 COMPB Timer/Counter4 Compare Match B

45 $0058 TIMER4 COMPC Timer/Counter4 Compare Match C

46 $005A TIMER4 OVF Timer/Counter4 Overflow

47 $005C(3) TIMER5 CAPT Timer/Counter5 Capture Event

48 $005E TIMER5 COMPA Timer/Counter5 Compare Match A

49 $0060 TIMER5 COMPB Timer/Counter5 Compare Match B

50 $0062 TIMER5 COMPC Timer/Counter5 Compare Match C

51 $0064 TIMER5 OVF Timer/Counter5 Overflow

52 $0066(3) USART2 RX USART2 Rx Complete

53 $0068(3) USART2 UDRE USART2 Data Register Empty

54 $006A(3) USART2 TX USART2 Tx Complete

55 $006C(3) USART3 RX USART3 Rx Complete

56 $006E(3) USART3 UDRE USART3 Data Register Empty

57 $0070(3) USART3 TX USART3 Tx Complete

Table 14-1. Reset and Interrupt Vectors (Continued)

Vector No. Program Address(2) Source Interrupt Definition
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15.2 Register Description

15.2.1 EICRA – External Interrupt Control Register A

The External Interrupt Control Register A contains control bits for interrupt sense control.

• Bits 7:0 – ISC31, ISC30 – ISC00, ISC00: External Interrupt 3 - 0 Sense Control Bits

The External Interrupts 3 - 0 are activated by the external pins INT3:0 if the SREG I-flag and the corresponding
interrupt mask in the EIMSK is set. The level and edges on the external pins that activate the interrupts are defined
in Table 15-1. Edges on INT3:0 are registered asynchronously. Pulses on INT3:0 pins wider than the minimum
pulse width given in Table 15-2 will generate an interrupt. Shorter pulses are not guaranteed to generate an inter-
rupt. If low level interrupt is selected, the low level must be held until the completion of the currently executing
instruction to generate an interrupt. If enabled, a level triggered interrupt will generate an interrupt request as long
as the pin is held low. When changing the ISCn bit, an interrupt can occur. Therefore, it is recommended to first
disable INTn by clearing its Interrupt Enable bit in the EIMSK Register. Then, the ISCn bit can be changed. Finally,
the INTn interrupt flag should be cleared by writing a logical one to its Interrupt Flag bit (INTFn) in the EIFR Regis-
ter before the interrupt is re-enabled.

Note: 1. n = 3, 2, 1or 0.
When changing the ISCn1/ISCn0 bits, the interrupt must be disabled by clearing its Interrupt Enable bit in the
EIMSK Register. Otherwise an interrupt can occur when the bits are changed.

Bit 7 6 5 4 3 2 1 0

(0x69) ISC31 ISC30 ISC21 ISC20 ISC11 ISC10 ISC01 ISC00 EICRA

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 15-1. Interrupt Sense Control(1)

ISCn1 ISCn0 Description

0 0 The low level of INTn generates an interrupt request

0 1 Any edge of INTn generates asynchronously an interrupt request

1 0 The falling edge of INTn generates asynchronously an interrupt request

1 1 The rising edge of INTn generates asynchronously an interrupt request

Table 15-2. Asynchronous External Interrupt Characteristics

Symbol Parameter Condition Min. Typ. Max. Units

tINT Minimum pulse width for asynchronous external interrupt 50 ns
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15.2.2 EICRB – External Interrupt Control Register B

• Bits 7:0 – ISC71, ISC70 - ISC41, ISC40: External Interrupt 7 - 4 Sense Control Bits

The External Interrupts 7 - 4 are activated by the external pins INT7:4 if the SREG I-flag and the corresponding
interrupt mask in the EIMSK is set. The level and edges on the external pins that activate the interrupts are defined
in Table 15-3. The value on the INT7:4 pins are sampled before detecting edges. If edge or toggle interrupt is
selected, pulses that last longer than one clock period will generate an interrupt. Shorter pulses are not guaranteed
to generate an interrupt. Observe that CPU clock frequency can be lower than the XTAL frequency if the XTAL
divider is enabled. If low level interrupt is selected, the low level must be held until the completion of the currently
executing instruction to generate an interrupt. If enabled, a level triggered interrupt will generate an interrupt
request as long as the pin is held low.

Note: 1. n = 7, 6, 5 or 4.
When changing the ISCn1/ISCn0 bits, the interrupt must be disabled by clearing its Interrupt Enable bit in the
EIMSK Register. Otherwise an interrupt can occur when the bits are changed.

15.2.3 EIMSK – External Interrupt Mask Register

• Bits 7:0 – INT7:0: External Interrupt Request 7 - 0 Enable

When an INT7:0 bit is written to one and the I-bit in the Status Register (SREG) is set (one), the corresponding
external pin interrupt is enabled. The Interrupt Sense Control bits in the External Interrupt Control Registers –
EICRA and EICRB – defines whether the external interrupt is activated on rising or falling edge or level sensed.
Activity on any of these pins will trigger an interrupt request even if the pin is enabled as an output. This provides a
way of generating a software interrupt.

Bit 7 6 5 4 3 2 1 0

(0x6A) ISC71 ISC70 ISC61 ISC60 ISC51 ISC50 ISC41 ISC40 EICRB

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 15-3. Interrupt Sense Control(1)

ISCn1 ISCn0 Description

0 0 The low level of INTn generates an interrupt request

0 1 Any logical change on INTn generates an interrupt request

1 0 The falling edge between two samples of INTn generates an interrupt request

1 1 The rising edge between two samples of INTn generates an interrupt request

Bit 7 6 5 4 3 2 1 0

0x1D (0x3D) INT7 INT6 INT5 INT4 INT3 INT2 INT1 INT0 EIMSK

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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15.2.4 EIFR – External Interrupt Flag Register

• Bits 7:0 – INTF7:0: External Interrupt Flags 7 - 0

When an edge or logic change on the INT7:0 pin triggers an interrupt request, INTF7:0 becomes set (one). If the I-
bit in SREG and the corresponding interrupt enable bit, INT7:0 in EIMSK, are set (one), the MCU will jump to the
interrupt vector. The flag is cleared when the interrupt routine is executed. Alternatively, the flag can be cleared by
writing a logical one to it. These flags are always cleared when INT7:0 are configured as level interrupt. Note that
when entering sleep mode with the INT3:0 interrupts disabled, the input buffers on these pins will be disabled. This
may cause a logic change in internal signals which will set the INTF3:0 flags. See “Digital Input Enable and Sleep
Modes” on page 71 for more information.

15.2.5 PCICR – Pin Change Interrupt Control Register

• Bit 2 – PCIE2: Pin Change Interrupt Enable 1

When the PCIE2 bit is set (one) and the I-bit in the Status Register (SREG) is set (one), pin change interrupt 2 is
enabled. Any change on any enabled PCINT23:16 pin will cause an interrupt. The corresponding interrupt of Pin
Change Interrupt Request is executed from the PCI2 Interrupt Vector. PCINT23:16 pins are enabled individually by
the PCMSK2 Register.

• Bit 1 – PCIE1: Pin Change Interrupt Enable 1

When the PCIE1 bit is set (one) and the I-bit in the Status Register (SREG) is set (one), pin change interrupt 1 is
enabled. Any change on any enabled PCINT15:8 pin will cause an interrupt. The corresponding interrupt of Pin
Change Interrupt Request is executed from the PCI1 Interrupt Vector. PCINT15:8 pins are enabled individually by
the PCMSK1 Register.

• Bit 0 – PCIE0: Pin Change Interrupt Enable 0

When the PCIE0 bit is set (one) and the I-bit in the Status Register (SREG) is set (one), pin change interrupt 0 is
enabled. Any change on any enabled PCINT7:0 pin will cause an interrupt. The corresponding interrupt of Pin
Change Interrupt Request is executed from the PCI0 Interrupt Vector. PCINT7:0 pins are enabled individually by
the PCMSK0 Register.

Bit 7 6 5 4 3 2 1 0

0x1C (0x3C) INTF7 INTF6 INTF5 INTF4 INTF3 INTF2 INTF1 IINTF0 EIFR

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x68) – – – – – PCIE2 PCIE1 PCIE0 PCICR

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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15.2.6 PCIFR – Pin Change Interrupt Flag Register

• Bit 2 – PCIF2: Pin Change Interrupt Flag 1

When a logic change on any PCINT23:16 pin triggers an interrupt request, PCIF2 becomes set (one). If the I-bit in
SREG and the PCIE2 bit in PCICR are set (one), the MCU will jump to the corresponding Interrupt Vector. The flag
is cleared when the interrupt routine is executed. Alternatively, the flag can be cleared by writing a logical one to it.

• Bit 1 – PCIF1: Pin Change Interrupt Flag 1

When a logic change on any PCINT15:8 pin triggers an interrupt request, PCIF1 becomes set (one). If the I-bit in
SREG and the PCIE1 bit in PCICR are set (one), the MCU will jump to the corresponding Interrupt Vector. The flag
is cleared when the interrupt routine is executed. Alternatively, the flag can be cleared by writing a logical one to it.

• Bit 0 – PCIF0: Pin Change Interrupt Flag 0

When a logic change on any PCINT7:0 pin triggers an interrupt request, PCIF0 becomes set (one). If the I-bit in
SREG and the PCIE0 bit in PCICR are set (one), the MCU will jump to the corresponding Interrupt Vector. The flag
is cleared when the interrupt routine is executed. Alternatively, the flag can be cleared by writing a logical one to it.

15.2.7 PCMSK2 – Pin Change Mask Register 2

• Bit 7:0 – PCINT23:16: Pin Change Enable Mask 23:16

Each PCINT23:16-bit selects whether pin change interrupt is enabled on the corresponding I/O pin. If PCINT23:16
is set and the PCIE2 bit in PCICR is set, pin change interrupt is enabled on the corresponding I/O pin. If
PCINT23:16 is cleared, pin change interrupt on the corresponding I/O pin is disabled.

15.2.8 PCMSK1 – Pin Change Mask Register 1

• Bit 7:0 – PCINT15:8: Pin Change Enable Mask 15:8

Each PCINT15:8-bit selects whether pin change interrupt is enabled on the corresponding I/O pin. If PCINT15:8 is
set and the PCIE1 bit in PCICR is set, pin change interrupt is enabled on the corresponding I/O pin. If PCINT15:8
is cleared, pin change interrupt on the corresponding I/O pin is disabled.

Bit 7 6 5 4 3 2 1 0

0x1B (0x3B) – – – – – PCIF2 PCIF1 PCIF0 PCIFR

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x6D) PCINT23 PCINT22 PCINT21 PCINT20 PCINT19 PCINT18 PCINT17 PCINT16 PCMSK2

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x6C) PCINT15 PCINT14 PCINT13 PCINT12 PCINT11 PCINT10 PCINT9 PCINT8 PCMSK1

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0



114ATmega640/V-1280/V-1281/V-2560/V-2561/V [DATASHEET]
DS40002211A

15.2.9 PCMSK0 – Pin Change Mask Register 0

• Bit 7:0 – PCINT7:0: Pin Change Enable Mask 7:0

Each PCINT7:0 bit selects whether pin change interrupt is enabled on the corresponding I/O pin. If PCINT7:0 is set
and the PCIE0 bit in PCICR is set, pin change interrupt is enabled on the corresponding I/O pin. If PCINT7:0 is
cleared, pin change interrupt on the corresponding I/O pin is disabled.

Bit 7 6 5 4 3 2 1 0

(0x6B) PCINT7 PCINT6 PCINT5 PCINT4 PCINT3 PCINT2 PCINT1 PCINT0 PCMSK0

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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16.7 Modes of Operation

The mode of operation, that is, the behavior of the Timer/Counter and the Output Compare pins, is defined by the
combination of the Waveform Generation mode (WGM02:0) and Compare Output mode (COM0x1:0) bits. The
Compare Output mode bits do not affect the counting sequence, while the Waveform Generation mode bits do.
The COM0x1:0 bits control whether the PWM output generated should be inverted or not (inverted or non-inverted
PWM). For non-PWM modes the COM0x1:0 bits control whether the output should be set, cleared, or toggled at a
Compare Match. See “Compare Match Output Unit” on page 143.

For detailed timing information see “Timer/Counter Timing Diagrams” on page 124.

16.7.1 Normal Mode

The simplest mode of operation is the Normal mode (WGM02:0 = 0). In this mode the counting direction is always
up (incrementing), and no counter clear is performed. The counter simply overruns when it passes its maximum 8-
bit value (TOP = 0xFF) and then restarts from the bottom (0x00). In normal operation the Timer/Counter Overflow
Flag (TOV0) will be set in the same timer clock cycle as the TCNT0 becomes zero. The TOV0 Flag in this case
behaves like a ninth bit, except that it is only set, not cleared. However, combined with the timer overflow interrupt
that automatically clears the TOV0 Flag, the timer resolution can be increased by software. There are no special
cases to consider in the Normal mode, a new counter value can be written anytime.

The Output Compare Unit can be used to generate interrupts at some given time. Using the Output Compare to
generate waveforms in Normal mode is not recommended, since this will occupy too much of the CPU time.

16.7.2 Clear Timer on Compare Match (CTC) Mode

In Clear Timer on Compare or CTC mode (WGM02:0 = 2), the OCR0A Register is used to manipulate the counter
resolution. In CTC mode the counter is cleared to zero when the counter value (TCNT0) matches the OCR0A. The
OCR0A defines the top value for the counter, hence also its resolution. This mode allows greater control of the
Compare Match output frequency. It also simplifies the operation of counting external events.

The timing diagram for the CTC mode is shown in Figure 16-5. The counter value (TCNT0) increases until a Com-
pare Match occurs between TCNT0 and OCR0A, and then counter (TCNT0) is cleared.

Figure 16-5. CTC Mode, Timing Diagram

An interrupt can be generated each time the counter value reaches the TOP value by using the OCF0A Flag. If the
interrupt is enabled, the interrupt handler routine can be used for updating the TOP value. However, changing TOP
to a value close to BOTTOM when the counter is running with none or a low prescaler value must be done with
care since the CTC mode does not have the double buffering feature. If the new value written to OCR0A is lower
than the current value of TCNT0, the counter will miss the Compare Match. The counter will then have to count to
its maximum value (0xFF) and wrap around starting at 0x00 before the Compare Match can occur.

TCNTn

OCn
(Toggle)

OCnx Interrupt Flag Set

1 4Period 2 3

(COMnx1:0 = 1)
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For generating a waveform output in CTC mode, the OC0A output can be set to toggle its logical level on each
Compare Match by setting the Compare Output mode bits to toggle mode (COM0A1:0 = 1). The OC0A value will
not be visible on the port pin unless the data direction for the pin is set to output. The waveform generated will have
a maximum frequency of fOC0 = fclk_I/O/2 when OCR0A is set to zero (0x00). The waveform frequency is defined by
the following equation:

The N variable represents the prescale factor (1, 8, 64, 256, or 1024).

As for the Normal mode of operation, the TOV0 Flag is set in the same timer clock cycle that the counter counts
from MAX to 0x00.

16.7.3 Fast PWM Mode

The fast Pulse Width Modulation or fast PWM mode (WGM02:0 = 3 or 7) provides a high frequency PWM wave-
form generation option. The fast PWM differs from the other PWM option by its single-slope operation. The counter
counts from BOTTOM to TOP then restarts from BOTTOM. TOP is defined as 0xFF when WGM2:0 = 3, and
OCR0A when WGM2:0 = 7. In non-inverting Compare Output mode, the Output Compare (OC0x) is cleared on the
Compare Match between TCNT0 and OCR0x, and set at BOTTOM. In inverting Compare Output mode, the output
is set on Compare Match and cleared at BOTTOM. Due to the single-slope operation, the operating frequency of
the fast PWM mode can be twice as high as the phase correct PWM mode that use dual-slope operation. This high
frequency makes the fast PWM mode well suited for power regulation, rectification, and DAC applications. High
frequency allows physically small sized external components (coils, capacitors), and therefore reduces total sys-
tem cost.

In fast PWM mode, the counter is incremented until the counter value matches the TOP value. The counter is then
cleared at the following timer clock cycle. The timing diagram for the fast PWM mode is shown in Figure 16-6. The
TCNT0 value is in the timing diagram shown as a histogram for illustrating the single-slope operation. The diagram
includes non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNT0 slopes represent
Compare Matches between OCR0x and TCNT0.

Figure 16-6. Fast PWM Mode, Timing Diagram

fOCnx
fclk_I/O

2 N 1 OCRnx+  
--------------------------------------------------=

TCNTn

OCRnx Update and
TOVn Interrupt Flag Set
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OCnx

OCnx
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OCRnx Interrupt Flag Set
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The Timer/Counter Overflow Flag (TOV0) is set each time the counter reaches TOP. If the interrupt is enabled, the
interrupt handler routine can be used for updating the compare value.

In fast PWM mode, the compare unit allows generation of PWM waveforms on the OC0x pins. Setting the
COM0x1:0 bits to two will produce a non-inverted PWM and an inverted PWM output can be generated by setting
the COM0x1:0 to three: Setting the COM0A1:0 bits to one allows the OC0A pin to toggle on Compare Matches if
the WGM02 bit is set. This option is not available for the OC0B pin (see Table 16-3 on page 126). The actual OC0x
value will only be visible on the port pin if the data direction for the port pin is set as output. The PWM waveform is
generated by setting (or clearing) the OC0x Register at the Compare Match between OCR0x and TCNT0, and
clearing (or setting) the OC0x Register at the timer clock cycle the counter is cleared (changes from TOP to
BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

The N variable represents the prescale factor (1, 8, 64, 256, or 1024).

The extreme values for the OCR0A Register represents special cases when generating a PWM waveform output in
the fast PWM mode. If the OCR0A is set equal to BOTTOM, the output will be a narrow spike for each MAX+1
timer clock cycle. Setting the OCR0A equal to MAX will result in a constantly high or low output (depending on the
polarity of the output set by the COM0A1:0 bits).

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by setting OC0x to toggle
its logical level on each Compare Match (COM0x1:0 = 1). The waveform generated will have a maximum fre-
quency of fOC0 = fclk_I/O/2 when OCR0A is set to zero. This feature is similar to the OC0A toggle in CTC mode,
except the double buffer feature of the Output Compare unit is enabled in the fast PWM mode.

16.7.4 Phase Correct PWM Mode

The phase correct PWM mode (WGM02:0 = 1 or 5) provides a high resolution phase correct PWM waveform gen-
eration option. The phase correct PWM mode is based on a dual-slope operation. The counter counts repeatedly
from BOTTOM to TOP and then from TOP to BOTTOM. TOP is defined as 0xFF when WGM2:0 = 1, and OCR0A
when WGM2:0 = 5. In non-inverting Compare Output mode, the Output Compare (OC0x) is cleared on the Com-
pare Match between TCNT0 and OCR0x while upcounting, and set on the Compare Match while down-counting. In
inverting Output Compare mode, the operation is inverted. The dual-slope operation has lower maximum operation
frequency than single slope operation. However, due to the symmetric feature of the dual-slope PWM modes,
these modes are preferred for motor control applications.

In phase correct PWM mode the counter is incremented until the counter value matches TOP. When the counter
reaches TOP, it changes the count direction. The TCNT0 value will be equal to TOP for one timer clock cycle. The
timing diagram for the phase correct PWM mode is shown on Figure 16-7 on page 123. The TCNT0 value is in the
timing diagram shown as a histogram for illustrating the dual-slope operation. The diagram includes non-inverted
and inverted PWM outputs. The small horizontal line marks on the TCNT0 slopes represent Compare Matches
between OCR0x and TCNT0.

fOCnxPWM
fclk_I/O
N 256
------------------=
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Figure 16-7. Phase Correct PWM Mode, Timing Diagram

The Timer/Counter Overflow Flag (TOV0) is set each time the counter reaches BOTTOM. The Interrupt Flag can
be used to generate an interrupt each time the counter reaches the BOTTOM value.

In phase correct PWM mode, the compare unit allows generation of PWM waveforms on the OC0x pins. Setting
the COM0x1:0 bits to two will produce a non-inverted PWM. An inverted PWM output can be generated by setting
the COM0x1:0 to three: Setting the COM0A0 bits to one allows the OC0A pin to toggle on Compare Matches if the
WGM02 bit is set. This option is not available for the OC0B pin (see Table 16-4 on page 127). The actual OC0x
value will only be visible on the port pin if the data direction for the port pin is set as output. The PWM waveform is
generated by clearing (or setting) the OC0x Register at the Compare Match between OCR0x and TCNT0 when the
counter increments, and setting (or clearing) the OC0x Register at Compare Match between OCR0x and TCNT0
when the counter decrements. The PWM frequency for the output when using phase correct PWM can be calcu-
lated by the following equation:

The N variable represents the prescale factor (1, 8, 64, 256, or 1024).

The extreme values for the OCR0A Register represent special cases when generating a PWM waveform output in
the phase correct PWM mode. If the OCR0A is set equal to BOTTOM, the output will be continuously low and if set
equal to MAX the output will be continuously high for non-inverted PWM mode. For inverted PWM the output will
have the opposite logic values.

At the very start of period 2 in Figure 16-7 OCnx has a transition from high to low even though there is no Compare
Match. The point of this transition is to guarantee symmetry around BOTTOM. There are two cases that give a
transition without Compare Match.

• OCR0A changes its value from MAX, like in Figure 16-7. When the OCR0A value is MAX the OCn pin value is
the same as the result of a down-counting Compare Match. To ensure symmetry around BOTTOM the OCn
value at MAX must correspond to the result of an up-counting Compare Match.

• The timer starts counting from a value higher than the one in OCR0A, and for that reason misses the Compare
Match and hence the OCn change that would have happened on the way up.

TOVn Interrupt Flag Set

OCnx Interrupt Flag Set

1 2 3

TCNTn

Period

OCnx

OCnx

(COMnx1:0 = 2)

(COMnx1:0 = 3)

OCRnx Update

fOCnxPCPWM
fclk_I/O
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16.8 Timer/Counter Timing Diagrams

The Timer/Counter is a synchronous design and the timer clock (clkT0) is therefore shown as a clock enable signal
in the following figures. The figures include information on when Interrupt Flags are set. Figure 16-8 contains timing
data for basic Timer/Counter operation. The figure shows the count sequence close to the MAX value in all modes
other than phase correct PWM mode.

Figure 16-8. Timer/Counter Timing Diagram, no Prescaling

Figure 16-9 shows the same timing data, but with the prescaler enabled.

Figure 16-9. Timer/Counter Timing Diagram, with Prescaler (fclk_I/O/8)

Figure 16-10 shows the setting of OCF0B in all modes and OCF0A in all modes except CTC mode and PWM
mode, where OCR0A is TOP.

Figure 16-10. Timer/Counter Timing Diagram, Setting of OCF0x, with Prescaler (fclk_I/O/8)

Figure 16-11 on page 125 shows the setting of OCF0A and the clearing of TCNT0 in CTC mode and fast PWM
mode where OCR0A is TOP.
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Figure 16-11. Timer/Counter Timing Diagram, Clear Timer on Compare Match mode, with Prescaler (fclk_I/O/8)
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16.9 Register Description

16.9.1 TCCR0A – Timer/Counter Control Register A

• Bits 7:6 – COM0A1:0: Compare Match Output A Mode

These bits control the Output Compare pin (OC0A) behavior. If one or both of the COM0A1:0 bits are set, the
OC0A output overrides the normal port functionality of the I/O pin it is connected to. However, note that the Data
Direction Register (DDR) bit corresponding to the OC0A pin must be set in order to enable the output driver.

When OC0A is connected to the pin, the function of the COM0A1:0 bits depends on the WGM02:0 bit setting.
Table 16-2 shows the COM0A1:0 bit functionality when the WGM02:0 bits are set to a normal or CTC mode (non-
PWM).

Table 16-3 shows the COM0A1:0 bit functionality when the WGM01:0 bits are set to fast PWM mode.

Note: 1. A special case occurs when OCR0A equals TOP and COM0A1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 121 for more details.

Table 16-4 on page 127 shows the COM0A1:0 bit functionality when the WGM02:0 bits are set to phase correct
PWM mode.

Bit 7 6 5 4 3 2 1 0

0x24 (0x44) COM0A1 COM0A0 COM0B1 COM0B0 – – WGM01 WGM00 TCCR0A

Read/Write R/W R/W R/W R/W R R R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 16-2. Compare Output Mode, non-PWM Mode

COM0A1 COM0A0 Description

0 0 Normal port operation, OC0A disconnected

0 1 Toggle OC0A on Compare Match

1 0 Clear OC0A on Compare Match

1 1 Set OC0A on Compare Match

Table 16-3. Compare Output Mode, Fast PWM Mode(1)

COM0A1 COM0A0 Description

0 0 Normal port operation, OC0A disconnected

0 1
WGM02 = 0: Normal Port Operation, OC0A Disconnected

WGM02 = 1: Toggle OC0A on Compare Match

1 0
Clear OC0A on Compare Match, set OC0A at BOTTOM

(non-inverting mode)

1 1
Set OC0A on Compare Match, clear OC0A at BOTTOM

(inverting mode)
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Note: 1. A special case occurs when OCR0A equals TOP and COM0A1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at TOP. See “Phase Correct PWM Mode” on page 122 for more details.

• Bits 5:4 – COM0B1:0: Compare Match Output B Mode

These bits control the Output Compare pin (OC0B) behavior. If one or both of the COM0B1:0 bits are set, the
OC0B output overrides the normal port functionality of the I/O pin it is connected to. However, note that the Data
Direction Register (DDR) bit corresponding to the OC0B pin must be set in order to enable the output driver.

When OC0B is connected to the pin, the function of the COM0B1:0 bits depends on the WGM02:0 bit setting.
Table 16-5 shows the COM0B1:0 bit functionality when the WGM02:0 bits are set to a normal or CTC mode (non-
PWM).

Table 16-6 shows the COM0B1:0 bit functionality when the WGM02:0 bits are set to fast PWM mode.

Note: 1. A special case occurs when OCR0B equals TOP and COM0B1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 121 for more details.

Table 16-4. Compare Output Mode, Phase Correct PWM Mode(1)

COM0A1 COM0A0 Description

0 0 Normal port operation, OC0A disconnected

0 1
WGM02 = 0: Normal Port Operation, OC0A Disconnected

WGM02 = 1: Toggle OC0A on Compare Match

1 0
Clear OC0A on Compare Match when up-counting. Set OC0A on Compare Match when

down-counting

1 1
Set OC0A on Compare Match when up-counting. Clear OC0A on Compare Match when

down-counting

Table 16-5. Compare Output Mode, non-PWM Mode

COM0B1 COM0B0 Description

0 0 Normal port operation, OC0B disconnected

0 1 Toggle OC0B on Compare Match

1 0 Clear OC0B on Compare Match

1 1 Set OC0B on Compare Match

Table 16-6. Compare Output Mode, Fast PWM Mode(1)

COM0B1 COM0B0 Description

0 0 Normal port operation, OC0B disconnected

0 1 Reserved

1 0
Clear OC0B on Compare Match, set OC0B at BOTTOM

(non-inverting mode)

1 1
Set OC0B on Compare Match, clear OC0B at BOTTOM

(inverting mode)
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Table 16-7 shows the COM0B1:0 bit functionality when the WGM02:0 bits are set to phase correct PWM mode.

Note: 1. A special case occurs when OCR0B equals TOP and COM0B1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at TOP. See “Phase Correct PWM Mode” on page 122 for more details.

• Bits 3, 2 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bits 1:0 – WGM01:0: Waveform Generation Mode

Combined with the WGM02 bit found in the TCCR0B Register, these bits control the counting sequence of the
counter, the source for maximum (TOP) counter value, and what type of waveform generation to be used, see
Table 16-8. Modes of operation supported by the Timer/Counter unit are: Normal mode (counter), Clear Timer on
Compare Match (CTC) mode, and two types of Pulse Width Modulation (PWM) modes (see “Modes of Operation”
on page 144).

Note: 1. MAX = 0xFF

2. BOTTOM = 0x00

Table 16-7. Compare Output Mode, Phase Correct PWM Mode(1)

COM0B1 COM0B0 Description

0 0 Normal port operation, OC0B disconnected

0 1 Reserved

1 0
Clear OC0B on Compare Match when up-counting. Set OC0B on Compare Match when

down-counting

1 1
Set OC0B on Compare Match when up-counting. Clear OC0B on Compare Match when

down-counting

Table 16-8. Waveform Generation Mode Bit Description

Mode WGM2 WGM1 WGM0
Timer/Counter Mode of

Operation TOP
Update of
OCRx at

TOV Flag
Set on(1)(2)

0 0 0 0 Normal 0xFF Immediate MAX

1 0 0 1 PWM, Phase Correct 0xFF TOP BOTTOM

2 0 1 0 CTC OCRA Immediate MAX

3 0 1 1 Fast PWM 0xFF TOP MAX

4 1 0 0 Reserved – – –

5 1 0 1 PWM, Phase Correct OCRA TOP BOTTOM

6 1 1 0 Reserved – – –

7 1 1 1 Fast PWM OCRA BOTTOM TOP
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16.9.2 TCCR0B – Timer/Counter Control Register B

• Bit 7 – FOC0A: Force Output Compare A

The FOC0A bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when TCCR0B is written when
operating in PWM mode. When writing a logical one to the FOC0A bit, an immediate Compare Match is forced on
the Waveform Generation unit. The OC0A output is changed according to its COM0A1:0 bits setting. Note that the
FOC0A bit is implemented as a strobe. Therefore it is the value present in the COM0A1:0 bits that determines the
effect of the forced compare.

A FOC0A strobe will not generate any interrupt, nor will it clear the timer in CTC mode using OCR0A as TOP.

The FOC0A bit is always read as zero.

• Bit 6 – FOC0B: Force Output Compare B

The FOC0B bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when TCCR0B is written when
operating in PWM mode. When writing a logical one to the FOC0B bit, an immediate Compare Match is forced on
the Waveform Generation unit. The OC0B output is changed according to its COM0B1:0 bits setting. Note that the
FOC0B bit is implemented as a strobe. Therefore it is the value present in the COM0B1:0 bits that determines the
effect of the forced compare.

A FOC0B strobe will not generate any interrupt, nor will it clear the timer in CTC mode using OCR0B as TOP.

The FOC0B bit is always read as zero.

• Bits 5:4 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bit 3 – WGM02: Waveform Generation Mode

See the description in the “TCCR0A – Timer/Counter Control Register A” on page 126.

• Bits 2:0 – CS02:0: Clock Select

The three Clock Select bits select the clock source to be used by the Timer/Counter, see Table 16-9 on page 130.

Bit 7 6 5 4 3 2 1 0

0x25 (0x45) FOC0A FOC0B – – WGM02 CS02 CS01 CS00 TCCR0B

Read/Write W W R R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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If external pin modes are used for the Timer/Counter0, transitions on the T0 pin will clock the counter even if the
pin is configured as an output. This feature allows software control of the counting.

16.9.3 TCNT0 – Timer/Counter Register

The Timer/Counter Register gives direct access, both for read and write operations, to the Timer/Counter unit 8-bit
counter. Writing to the TCNT0 Register blocks (removes) the Compare Match on the following timer clock. Modify-
ing the counter (TCNT0) while the counter is running, introduces a risk of missing a Compare Match between
TCNT0 and the OCR0x Registers.

16.9.4 OCR0A – Output Compare Register A

The Output Compare Register A contains an 8-bit value that is continuously compared with the counter value
(TCNT0). A match can be used to generate an Output Compare interrupt, or to generate a waveform output on the
OC0A pin.

16.9.5 OCR0B – Output Compare Register B

The Output Compare Register B contains an 8-bit value that is continuously compared with the counter value
(TCNT0). A match can be used to generate an Output Compare interrupt, or to generate a waveform output on the
OC0B pin.

Table 16-9. Clock Select Bit Description

CS02 CS01 CS00 Description

0 0 0 No clock source (Timer/Counter stopped)

0 0 1 clkI/O/(No prescaling)

0 1 0 clkI/O/8 (From prescaler)

0 1 1 clkI/O/64 (From prescaler)

1 0 0 clkI/O/256 (From prescaler)

1 0 1 clkI/O/1024 (From prescaler)

1 1 0 External clock source on T0 pin. Clock on falling edge

1 1 1 External clock source on T0 pin. Clock on rising edge

Bit 7 6 5 4 3 2 1 0

0x26 (0x46) TCNT0[7:0] TCNT0

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x27 (0x47) OCR0A[7:0] OCR0A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x28 (0x48) OCR0B[7:0] OCR0B

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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16.9.6 TIMSK0 – Timer/Counter Interrupt Mask Register

• Bits 7:3, 0 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bit 2 – OCIE0B: Timer/Counter Output Compare Match B Interrupt Enable

When the OCIE0B bit is written to one, and the I-bit in the Status Register is set, the Timer/Counter Compare
Match B interrupt is enabled. The corresponding interrupt is executed if a Compare Match in Timer/Counter occurs,
that is, when the OCF0B bit is set in the Timer/Counter Interrupt Flag Register – TIFR0.

• Bit 1 – OCIE0A: Timer/Counter0 Output Compare Match A Interrupt Enable

When the OCIE0A bit is written to one, and the I-bit in the Status Register is set, the Timer/Counter0 Compare
Match A interrupt is enabled. The corresponding interrupt is executed if a Compare Match in Timer/Counter0
occurs, that is, when the OCF0A bit is set in the Timer/Counter 0 Interrupt Flag Register – TIFR0.

• Bit 0 – TOIE0: Timer/Counter0 Overflow Interrupt Enable

When the TOIE0 bit is written to one, and the I-bit in the Status Register is set, the Timer/Counter0 Overflow inter-
rupt is enabled. The corresponding interrupt is executed if an overflow in Timer/Counter0 occurs, that is, when the
TOV0 bit is set in the Timer/Counter 0 Interrupt Flag Register – TIFR0.

16.9.7 TIFR0 – Timer/Counter 0 Interrupt Flag Register

• Bits 7:3, 0 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bit 2 – OCF0B: Timer/Counter 0 Output Compare B Match Flag

The OCF0B bit is set when a Compare Match occurs between the Timer/Counter and the data in OCR0B – Output
Compare Register0 B. OCF0B is cleared by hardware when executing the corresponding interrupt handling vector.
Alternatively, OCF0B is cleared by writing a logic one to the flag. When the I-bit in SREG, OCIE0B (Timer/Counter
Compare B Match Interrupt Enable), and OCF0B are set, the Timer/Counter Compare Match Interrupt is executed.

• Bit 1 – OCF0A: Timer/Counter 0 Output Compare A Match Flag

The OCF0A bit is set when a Compare Match occurs between the Timer/Counter0 and the data in OCR0A – Out-
put Compare Register0. OCF0A is cleared by hardware when executing the corresponding interrupt handling
vector. Alternatively, OCF0A is cleared by writing a logic one to the flag. When the I-bit in SREG, OCIE0A
(Timer/Counter0 Compare Match Interrupt Enable), and OCF0A are set, the Timer/Counter0 Compare Match Inter-
rupt is executed.

• Bit 0 – TOV0: Timer/Counter0 Overflow Flag

The bit TOV0 is set when an overflow occurs in Timer/Counter0. TOV0 is cleared by hardware when executing the
corresponding interrupt handling vector. Alternatively, TOV0 is cleared by writing a logic one to the flag. When the

Bit 7 6 5 4 3 2 1 0

(0x6E) – – – – – OCIE0B OCIE0A TOIE0 TIMSK0

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x15 (0x35) – – – – – OCF0B OCF0A TOV0 TIFR0

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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Note: 1. The CTCn and PWMn1:0 bit definition names are obsolete. Use the WGMn2:0 definitions. However, the functional-
ity and location of these bits are compatible with previous versions of the timer.

For detailed timing information refer to “Timer/Counter Timing Diagrams” on page 152.

17.9.1 Normal Mode

The simplest mode of operation is the Normal mode (WGMn3:0 = 0). In this mode the counting direction is always
up (incrementing), and no counter clear is performed. The counter simply overruns when it passes its maximum
16-bit value (MAX = 0xFFFF) and then restarts from the BOTTOM (0x0000). In normal operation the
Timer/Counter Overflow Flag (TOVn) will be set in the same timer clock cycle as the TCNTn becomes zero. The
TOVn Flag in this case behaves like a 17th bit, except that it is only set, not cleared. However, combined with the
timer overflow interrupt that automatically clears the TOVn Flag, the timer resolution can be increased by software.
There are no special cases to consider in the Normal mode, a new counter value can be written anytime.

The Input Capture unit is easy to use in Normal mode. However, observe that the maximum interval between the
external events must not exceed the resolution of the counter. If the interval between events are too long, the timer
overflow interrupt or the prescaler must be used to extend the resolution for the capture unit.

The Output Compare units can be used to generate interrupts at some given time. Using the Output Compare to
generate waveforms in Normal mode is not recommended, since this will occupy too much of the CPU time.

17.9.2 Clear Timer on Compare Match (CTC) Mode

In Clear Timer on Compare or CTC mode (WGMn3:0 = 4 or 12), the OCRnA or ICRn Register are used to manipu-
late the counter resolution. In CTC mode the counter is cleared to zero when the counter value (TCNTn) matches
either the OCRnA (WGMn3:0 = 4) or the ICRn (WGMn3:0 = 12). The OCRnA or ICRn define the top value for the

Table 17-2. Waveform Generation Mode Bit Description(1)

Mode WGMn3
WGMn2
(CTCn)

WGMn1
(PWMn1)

WGMn0
(PWMn0)

Timer/Counter
Mode of Operation TOP

Update of
OCRnx at

TOVnFlag
Set on

0 0 0 0 0 Normal 0xFFFF Immediate MAX

1 0 0 0 1 PWM, Phase Correct, 8-bit 0x00FF TOP BOTTOM

2 0 0 1 0 PWM, Phase Correct, 9-bit 0x01FF TOP BOTTOM

3 0 0 1 1 PWM, Phase Correct, 10-bit 0x03FF TOP BOTTOM

4 0 1 0 0 CTC OCRnA Immediate MAX

5 0 1 0 1 Fast PWM, 8-bit 0x00FF BOTTOM TOP

6 0 1 1 0 Fast PWM, 9-bit 0x01FF BOTTOM TOP

7 0 1 1 1 Fast PWM, 10-bit 0x03FF BOTTOM TOP

8 1 0 0 0
PWM, Phase and Frequency

Correct
ICRn BOTTOM BOTTOM

9 1 0 0 1
PWM,Phase and Frequency

Correct
OCRnA BOTTOM BOTTOM

10 1 0 1 0 PWM, Phase Correct ICRn TOP BOTTOM

11 1 0 1 1 PWM, Phase Correct OCRnA TOP BOTTOM

12 1 1 0 0 CTC ICRn Immediate MAX

13 1 1 0 1 (Reserved) – – –

14 1 1 1 0 Fast PWM ICRn BOTTOM TOP

15 1 1 1 1 Fast PWM OCRnA BOTTOM TOP
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counter, hence also its resolution. This mode allows greater control of the compare match output frequency. It also
simplifies the operation of counting external events.

The timing diagram for the CTC mode is shown in Figure 17-6. The counter value (TCNTn) increases until a com-
pare match occurs with either OCRnA or ICRn, and then counter (TCNTn) is cleared.

Figure 17-6. CTC Mode, Timing Diagram

An interrupt can be generated at each time the counter value reaches the TOP value by either using the OCFnA or
ICFn Flag according to the register used to define the TOP value. If the interrupt is enabled, the interrupt handler
routine can be used for updating the TOP value. However, changing the TOP to a value close to BOTTOM when
the counter is running with none or a low prescaler value must be done with care since the CTC mode does not
have the double buffering feature. If the new value written to OCRnA or ICRn is lower than the current value of
TCNTn, the counter will miss the compare match. The counter will then have to count to its maximum value
(0xFFFF) and wrap around starting at 0x0000 before the compare match can occur. In many cases this feature is
not desirable. An alternative will then be to use the fast PWM mode using OCRnA for defining TOP (WGMn3:0 =
15) since the OCRnA then will be double buffered.

For generating a waveform output in CTC mode, the OCnA output can be set to toggle its logical level on each
compare match by setting the Compare Output mode bits to toggle mode (COMnA1:0 = 1). The OCnA value will
not be visible on the port pin unless the data direction for the pin is set to output (DDR_OCnA = 1). The waveform
generated will have a maximum frequency of fOCnA = fclk_I/O/2 when OCRnA is set to zero (0x0000). The waveform
frequency is defined by the following equation:

The N variable represents the prescaler factor (1, 8, 64, 256, or 1024).

As for the Normal mode of operation, the TOVn Flag is set in the same timer clock cycle that the counter counts
from MAX to 0x0000.

17.9.3 Fast PWM Mode

The fast Pulse Width Modulation or fast PWM mode (WGMn3:0 = 5, 6, 7, 14, or 15) provides a high frequency
PWM waveform generation option. The fast PWM differs from the other PWM options by its single-slope operation.
The counter counts from BOTTOM to TOP then restarts from BOTTOM. In non-inverting Compare Output mode,
the Output Compare (OCnx) is cleared on the compare match between TCNTn and OCRnx, and set at BOTTOM.
In inverting Compare Output mode output is set on compare match and cleared at BOTTOM. Due to the single-
slope operation, the operating frequency of the fast PWM mode can be twice as high as the phase correct and
phase and frequency correct PWM modes that use dual-slope operation. This high frequency makes the fast PWM

TCNTn

OCnA
(Toggle)

OCnA Interrupt Flag Set
or ICFn Interrupt Flag Set
(Interrupt on TOP)

1 4Period 2 3

(COMnA1:0 = 1)

fOCnA
fclk_I/O

2 N 1 OCRnA+  
---------------------------------------------------=
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mode well suited for power regulation, rectification, and DAC applications. High frequency allows physically small
sized external components (coils, capacitors), hence reduces total system cost.

The PWM resolution for fast PWM can be fixed to 8-bit, 9-bit, or 10-bit, or defined by either ICRn or OCRnA. The
minimum resolution allowed is 2-bit (ICRn or OCRnA set to 0x0003), and the maximum resolution is 16-bit (ICRn or
OCRnA set to MAX). The PWM resolution in bits can be calculated by using the following equation:

In fast PWM mode the counter is incremented until the counter value matches either one of the fixed values
0x00FF, 0x01FF, or 0x03FF (WGMn3:0 = 5, 6, or 7), the value in ICRn (WGMn3:0 = 14), or the value in OCRnA
(WGMn3:0 = 15). The counter is then cleared at the following timer clock cycle. The timing diagram for the fast
PWM mode is shown in Figure 17-7 on page 147. The figure shows fast PWM mode when OCRnA or ICRn is used
to define TOP. The TCNTn value is in the timing diagram shown as a histogram for illustrating the single-slope
operation. The diagram includes non-inverted and inverted PWM outputs. The small horizontal line marks on the
TCNTn slopes represent compare matches between OCRnx and TCNTn. The OCnx Interrupt Flag will be set when
a compare match occurs.

Figure 17-7. Fast PWM Mode, Timing Diagram

The Timer/Counter Overflow Flag (TOVn) is set each time the counter reaches TOP. In addition the OCnA or ICFn
Flag is set at the same timer clock cycle as TOVn is set when either OCRnA or ICRn is used for defining the TOP
value. If one of the interrupts are enabled, the interrupt handler routine can be used for updating the TOP and com-
pare values.

When changing the TOP value the program must ensure that the new TOP value is higher or equal to the value of
all of the Compare Registers. If the TOP value is lower than any of the Compare Registers, a compare match will
never occur between the TCNTn and the OCRnx. Note that when using fixed TOP values the unused bits are
masked to zero when any of the OCRnx Registers are written.

The procedure for updating ICRn differs from updating OCRnA when used for defining the TOP value. The ICRn
Register is not double buffered. This means that if ICRn is changed to a low value when the counter is running with
none or a low prescaler value, there is a risk that the new ICRn value written is lower than the current value of
TCNTn. The result will then be that the counter will miss the compare match at the TOP value. The counter will
then have to count to the MAX value (0xFFFF) and wrap around starting at 0x0000 before the compare match can
occur. The OCRnA Register however, is double buffered. This feature allows the OCRnA I/O location to be written
anytime. When the OCRnA I/O location is written the value written will be put into the OCRnA Buffer Register. The
OCRnA Compare Register will then be updated with the value in the Buffer Register at the next timer clock cycle

RFPWM
TOP 1+ log

2 log
-----------------------------------=

TCNTn

OCRnx / TOP Update 
and TOVn Interrupt Flag 
Set and OCnA Interrupt 
Flag Set or ICFn 
Interrupt Flag Set 
(Interrupt on TOP)

1 7Period 2 3 4 5 6 8

OCnx

OCnx

(COMnx1:0 = 2)

(COMnx1:0 = 3)
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the TCNTn matches TOP. The update is done at the same timer clock cycle as the TCNTn is cleared and the
TOVn Flag is set.

Using the ICRn Register for defining TOP works well when using fixed TOP values. By using ICRn, the OCRnA
Register is free to be used for generating a PWM output on OCnA. However, if the base PWM frequency is actively
changed (by changing the TOP value), using the OCRnA as TOP is clearly a better choice due to its double buffer
feature.

In fast PWM mode, the compare units allow generation of PWM waveforms on the OCnx pins. Setting the COM-
nx1:0 bits to two will produce a non-inverted PWM and an inverted PWM output can be generated by setting the
COMnx1:0 to three (see Table on page 155). The actual OCnx value will only be visible on the port pin if the data
direction for the port pin is set as output (DDR_OCnx). The PWM waveform is generated by setting (or clearing)
the OCnx Register at the compare match between OCRnx and TCNTn, and clearing (or setting) the OCnx Register
at the timer clock cycle the counter is cleared (changes from TOP to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCRnx Register represents special cases when generating a PWM waveform output in
the fast PWM mode. If the OCRnx is set equal to BOTTOM (0x0000) the output will be a narrow spike for each
TOP+1 timer clock cycle. Setting the OCRnx equal to TOP will result in a constant high or low output (depending
on the polarity of the output set by the COMnx1:0 bits).

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by setting OCnA to toggle
its logical level on each compare match (COMnA1:0 = 1). This applies only if OCR1A is used to define the TOP
value (WGM13:0 = 15). The waveform generated will have a maximum frequency of fOCnA = fclk_I/O/2 when OCRnA
is set to zero (0x0000). This feature is similar to the OCnA toggle in CTC mode, except the double buffer feature of
the Output Compare unit is enabled in the fast PWM mode.

17.9.4 Phase Correct PWM Mode

The phase correct Pulse Width Modulation or phase correct PWM mode (WGMn3:0 = 1, 2, 3, 10, or 11) provides a
high resolution phase correct PWM waveform generation option. The phase correct PWM mode is, like the phase
and frequency correct PWM mode, based on a dual-slope operation. The counter counts repeatedly from BOT-
TOM (0x0000) to TOP and then from TOP to BOTTOM. In non-inverting Compare Output mode, the Output
Compare (OCnx) is cleared on the compare match between TCNTn and OCRnx while upcounting, and set on the
compare match while downcounting. In inverting Output Compare mode, the operation is inverted. The dual-slope
operation has lower maximum operation frequency than single slope operation. However, due to the symmetric
feature of the dual-slope PWM modes, these modes are preferred for motor control applications.

The PWM resolution for the phase correct PWM mode can be fixed to 8-bit, 9-bit, or 10-bit, or defined by either
ICRn or OCRnA. The minimum resolution allowed is 2-bit (ICRn or OCRnA set to 0x0003), and the maximum res-
olution is 16-bit (ICRn or OCRnA set to MAX). The PWM resolution in bits can be calculated by using the following
equation:

In phase correct PWM mode the counter is incremented until the counter value matches either one of the fixed val-
ues 0x00FF, 0x01FF, or 0x03FF (WGMn3:0 = 1, 2, or 3), the value in ICRn (WGMn3:0 = 10), or the value in
OCRnA (WGMn3:0 = 11). The counter has then reached the TOP and changes the count direction. The TCNTn
value will be equal to TOP for one timer clock cycle. The timing diagram for the phase correct PWM mode is shown

fOCnxPWM
fclk_I/O

N 1 TOP+ 
-----------------------------------=

RPCPWM
TOP 1+ log

2 log
-----------------------------------=



149ATmega640/V-1280/V-1281/V-2560/V-2561/V [DATASHEET]
DS40002211A

on Figure 17-8 on page 149. The figure shows phase correct PWM mode when OCRnA or ICRn is used to define
TOP. The TCNTn value is in the timing diagram shown as a histogram for illustrating the dual-slope operation. The
diagram includes non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNTn slopes
represent compare matches between OCRnx and TCNTn. The OCnx Interrupt Flag will be set when a compare
match occurs.

Figure 17-8. Phase Correct PWM Mode, Timing Diagram

The Timer/Counter Overflow Flag (TOVn) is set each time the counter reaches BOTTOM. When either OCRnA or
ICRn is used for defining the TOP value, the OCnA or ICFn Flag is set accordingly at the same timer clock cycle as
the OCRnx Registers are updated with the double buffer value (at TOP). The Interrupt Flags can be used to gener-
ate an interrupt each time the counter reaches the TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or equal to the value of
all of the Compare Registers. If the TOP value is lower than any of the Compare Registers, a compare match will
never occur between the TCNTn and the OCRnx. Note that when using fixed TOP values, the unused bits are
masked to zero when any of the OCRnx Registers are written. As the third period shown in Figure 17-8 illustrates,
changing the TOP actively while the Timer/Counter is running in the phase correct mode can result in an unsym-
metrical output. The reason for this can be found in the time of update of the OCRnx Register. Since the OCRnx
update occurs at TOP, the PWM period starts and ends at TOP. This implies that the length of the falling slope is
determined by the previous TOP value, while the length of the rising slope is determined by the new TOP value.
When these two values differ the two slopes of the period will differ in length. The difference in length gives the
unsymmetrical result on the output.

It is recommended to use the phase and frequency correct mode instead of the phase correct mode when chang-
ing the TOP value while the Timer/Counter is running. When using a static TOP value there are practically no
differences between the two modes of operation.

In phase correct PWM mode, the compare units allow generation of PWM waveforms on the OCnx pins. Setting
the COMnx1:0 bits to two will produce a non-inverted PWM and an inverted PWM output can be generated by set-
ting the COMnx1:0 to three (see Table 17-5 on page 155). The actual OCnx value will only be visible on the port
pin if the data direction for the port pin is set as output (DDR_OCnx). The PWM waveform is generated by setting
(or clearing) the OCnx Register at the compare match between OCRnx and TCNTn when the counter increments,
and clearing (or setting) the OCnx Register at compare match between OCRnx and TCNTn when the counter dec-

OCRnx/TOP Update and
OCnA Interrupt Flag Set
or ICFn Interrupt Flag Set
(Interrupt on TOP)

1 2 3 4

TOVn Interrupt Flag Set
(Interrupt on Bottom)

TCNTn

Period

OCnx

OCnx

(COMnx1:0 = 2)

(COMnx1:0 = 3)
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rements. The PWM frequency for the output when using phase correct PWM can be calculated by the following
equation:

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCRnx Register represent special cases when generating a PWM waveform output in
the phase correct PWM mode. If the OCRnx is set equal to BOTTOM the output will be continuously low and if set
equal to TOP the output will be continuously high for non-inverted PWM mode. For inverted PWM the output will
have the opposite logic values. If OCR1A is used to define the TOP value (WGM13:0 = 11) and COM1A1:0 = 1, the
OC1A output will toggle with a 50% duty cycle.

17.9.5 Phase and Frequency Correct PWM Mode

The phase and frequency correct Pulse Width Modulation, or phase and frequency correct PWM mode (WGMn3:0
= 8 or 9) provides a high resolution phase and frequency correct PWM waveform generation option. The phase
and frequency correct PWM mode is, like the phase correct PWM mode, based on a dual-slope operation. The
counter counts repeatedly from BOTTOM (0x0000) to TOP and then from TOP to BOTTOM. In non-inverting Com-
pare Output mode, the Output Compare (OCnx) is cleared on the compare match between TCNTn and OCRnx
while upcounting, and set on the compare match while downcounting. In inverting Compare Output mode, the
operation is inverted. The dual-slope operation gives a lower maximum operation frequency compared to the sin-
gle-slope operation. However, due to the symmetric feature of the dual-slope PWM modes, these modes are
preferred for motor control applications.

The main difference between the phase correct, and the phase and frequency correct PWM mode is the time the
OCRnx Register is updated by the OCRnx Buffer Register, see Figure 17-8 on page 149 and Figure 17-9 on page
151.

The PWM resolution for the phase and frequency correct PWM mode can be defined by either ICRn or OCRnA.
The minimum resolution allowed is 2-bit (ICRn or OCRnA set to 0x0003), and the maximum resolution is 16-bit
(ICRn or OCRnA set to MAX). The PWM resolution in bits can be calculated using the following equation:

In phase and frequency correct PWM mode the counter is incremented until the counter value matches either the
value in ICRn (WGMn3:0 = 8), or the value in OCRnA (WGMn3:0 = 9). The counter has then reached the TOP and
changes the count direction. The TCNTn value will be equal to TOP for one timer clock cycle. The timing diagram
for the phase correct and frequency correct PWM mode is shown on Figure 17-9 on page 151. The figure shows
phase and frequency correct PWM mode when OCRnA or ICRn is used to define TOP. The TCNTn value is in the
timing diagram shown as a histogram for illustrating the dual-slope operation. The diagram includes non-inverted
and inverted PWM outputs. The small horizontal line marks on the TCNTn slopes represent compare matches
between OCRnx and TCNTn. The OCnx Interrupt Flag will be set when a compare match occurs.

fOCnxPCPWM
fclk_I/O

2 N TOP 
----------------------------=

RPFCPWM
TOP 1+ log
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Figure 17-9. Phase and Frequency Correct PWM Mode, Timing Diagram

The Timer/Counter Overflow Flag (TOVn) is set at the same timer clock cycle as the OCRnx Registers are updated
with the double buffer value (at BOTTOM). When either OCRnA or ICRn is used for defining the TOP value, the
OCnA or ICFn Flag set when TCNTn has reached TOP. The Interrupt Flags can then be used to generate an inter-
rupt each time the counter reaches the TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or equal to the value of
all of the Compare Registers. If the TOP value is lower than any of the Compare Registers, a compare match will
never occur between the TCNTn and the OCRnx.

As Figure 17-9 shows the output generated is, in contrast to the phase correct mode, symmetrical in all periods.
Since the OCRnx Registers are updated at BOTTOM, the length of the rising and the falling slopes will always be
equal. This gives symmetrical output pulses and is therefore frequency correct.

Using the ICRn Register for defining TOP works well when using fixed TOP values. By using ICRn, the OCRnA
Register is free to be used for generating a PWM output on OCnA. However, if the base PWM frequency is actively
changed by changing the TOP value, using the OCRnA as TOP is clearly a better choice due to its double buffer
feature.

In phase and frequency correct PWM mode, the compare units allow generation of PWM waveforms on the OCnx
pins. Setting the COMnx1:0 bits to two will produce a non-inverted PWM and an inverted PWM output can be gen-
erated by setting the COMnx1:0 to three (see Table 17-5 on page 155). The actual OCnx value will only be visible
on the port pin if the data direction for the port pin is set as output (DDR_OCnx). The PWM waveform is generated
by setting (or clearing) the OCnx Register at the compare match between OCRnx and TCNTn when the counter
increments, and clearing (or setting) the OCnx Register at compare match between OCRnx and TCNTn when the
counter decrements. The PWM frequency for the output when using phase and frequency correct PWM can be cal-
culated by the following equation:

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCRnx Register represents special cases when generating a PWM waveform output in
the phase correct PWM mode. If the OCRnx is set equal to BOTTOM the output will be continuously low and if set
equal to TOP the output will be set to high for non-inverted PWM mode. For inverted PWM the output will have the
opposite logic values. If OCR1A is used to define the TOP value (WGM13:0 = 9) and COM1A1:0 = 1, the OC1A
output will toggle with a 50% duty cycle.
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17.10 Timer/Counter Timing Diagrams

The Timer/Counter is a synchronous design and the timer clock (clkTn) is therefore shown as a clock enable signal
in the following figures. The figures include information on when Interrupt Flags are set, and when the OCRnx Reg-
ister is updated with the OCRnx buffer value (only for modes utilizing double buffering). Figure 17-10 shows a
timing diagram for the setting of OCFnx.

Figure 17-10. Timer/Counter Timing Diagram, Setting of OCFnx, no Prescaling

Figure 17-11 shows the same timing data, but with the prescaler enabled.

Figure 17-11. Timer/Counter Timing Diagram, Setting of OCFnx, with Prescaler (fclk_I/O/8)

clkTn
(clk

I/O
/1)

OCFnx

clk
I/O

OCRnx

TCNTn

OCRnx Value

OCRnx - 1 OCRnx OCRnx + 1 OCRnx + 2

OCFnx

OCRnx

TCNTn

OCRnx Value

OCRnx - 1 OCRnx OCRnx + 1 OCRnx + 2

clk
I/O

clkTn
(clk

I/O
/8)



153ATmega640/V-1280/V-1281/V-2560/V-2561/V [DATASHEET]
DS40002211A

Figure 17-12 shows the count sequence close to TOP in various modes. When using phase and frequency correct
PWM mode the OCRnx Register is updated at BOTTOM. The timing diagrams will be the same, but TOP should
be replaced by BOTTOM, TOP-1 by BOTTOM+1 and so on. The same renaming applies for modes that set the
TOVn Flag at BOTTOM.

Figure 17-12. Timer/Counter Timing Diagram, no Prescaling

Figure 17-13 shows the same timing data, but with the prescaler enabled.

Figure 17-13. Timer/Counter Timing Diagram, with Prescaler (fclk_I/O/8)

TOVn (FPWM)

and ICFn (if used

as TOP)

OCRnx
(Update at TOP)

TCNTn
(CTC and FPWM)

TCNTn
(PC and PFC PWM)

TOP - 1 TOP TOP - 1 TOP - 2

Old OCRnx Value New OCRnx Value

TOP - 1 TOP BOTTOM BOTTOM + 1

clkTn
(clk

I/O
/1)

clk
I/O

TOVn (FPWM)

and ICFn (if used

as TOP)

OCRnx
(Update at TOP)

TCNTn
(CTC and FPWM)

TCNTn
(PC and PFC PWM)

TOP - 1 TOP TOP - 1 TOP - 2

Old OCRnx Value New OCRnx Value

TOP - 1 TOP BOTTOM BOTTOM + 1

clkI/O

clk
Tn

(clk
I/O

/8)



154ATmega640/V-1280/V-1281/V-2560/V-2561/V [DATASHEET]
DS40002211A

17.11 Register Description

17.11.1 TCCR1A – Timer/Counter 1 Control Register A

17.11.2 TCCR3A – Timer/Counter 3 Control Register A

17.11.3 TCCR4A – Timer/Counter 4 Control Register A

17.11.4 TCCR5A – Timer/Counter 5 Control Register A

• Bit 7:6 – COMnA1:0: Compare Output Mode for Channel A
• Bit 5:4 – COMnB1:0: Compare Output Mode for Channel B
• Bit 3:2 – COMnC1:0: Compare Output Mode for Channel C

The COMnA1:0, COMnB1:0, and COMnC1:0 control the output compare pins (OCnA, OCnB, and OCnC respec-
tively) behavior. If one or both of the COMnA1:0 bits are written to one, the OCnA output overrides the normal port
functionality of the I/O pin it is connected to. If one or both of the COMnB1:0 bits are written to one, the OCnB out-
put overrides the normal port functionality of the I/O pin it is connected to. If one or both of the COMnC1:0 bits are
written to one, the OCnC output overrides the normal port functionality of the I/O pin it is connected to. However,
note that the Data Direction Register (DDR) bit corresponding to the OCnA, OCnB or OCnC pin must be set in
order to enable the output driver.

When the OCnA, OCnB or OCnC is connected to the pin, the function of the COMnx1:0 bits is dependent of the
WGMn3:0 bits setting. Table 17-3 on page 155 shows the COMnx1:0 bit functionality when the WGMn3:0 bits are
set to a normal or a CTC mode (non-PWM).

Bit 7 6 5 4 3 2 1 0

(0x80) COM1A1 COM1A0 COM1B1 COM1B0 COM1C1 COM1C0 WGM11 WGM10 TCCR1A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x90) COM3A1 COM3A0 COM3B1 COM3B0 COM3C1 COM3C0 WGM31 WGM30 TCCR3A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA0) COM4A1 COM4A0 COM4B1 COM4B0 COM4C1 COM4C0 WGM41 WGM40 TCCR4A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x120) COM5A1 COM5A0 COM5B1 COM5B0 COM5C1 COM5C0 WGM51 WGM50 TCCR5A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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• Bit 1:0 – WGMn1:0: Waveform Generation Mode

Combined with the WGMn3:2 bits found in the TCCRnB Register, these bits control the counting sequence of the
counter, the source for maximum (TOP) counter value, and what type of waveform generation to be used, see
Table 17-2 on page 145. Modes of operation supported by the Timer/Counter unit are: Normal mode (counter),
Clear Timer on Compare match (CTC) mode, and three types of Pulse Width Modulation (PWM) modes. For more
information on the different modes, see “Modes of Operation” on page 144.

Table 17-4 shows the COMnx1:0 bit functionality when the WGMn3:0 bits are set to the fast PWM mode.

Note: A special case occurs when OCRnA/OCRnB/OCRnC equals TOP and COMnA1/COMnB1/COMnC1 is set. In this
case the compare match is ignored, but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 146. for
more details.

Table 17-5 shows the COMnx1:0 bit functionality when the WGMn3:0 bits are set to the phase correct and fre-
quency correct PWM mode.

Table 17-3. Compare Output Mode, non-PWM

COMnA1
COMnB1
COMnC1

COMnA0
COMnB0
COMnC0 Description

0 0 Normal port operation, OCnA/OCnB/OCnC disconnected

0 1 Toggle OCnA/OCnB/OCnC on compare match

1 0 Clear OCnA/OCnB/OCnC on compare match (set output to low level)

1 1 Set OCnA/OCnB/OCnC on compare match (set output to high level)

Table 17-4. Compare Output Mode, Fast PWM

COMnA1
COMnB1
COMnC1

COMnA0
COMnB0
COMnC0 Description

0 0 Normal port operation, OCnA/OCnB/OCnC disconnected

0 1
WGM13:0 = 14 or 15: Toggle OC1A on Compare Match, OC1B and OC1C disconnected (normal

port operation). For all other WGM1 settings, normal port operation, OC1A/OC1B/OC1C
disconnected

1 0
Clear OCnA/OCnB/OCnC on compare match, set OCnA/OCnB/OCnC at BOTTOM (non-inverting

mode)

1 1
Set OCnA/OCnB/OCnC on compare match, clear OCnA/OCnB/OCnC at BOTTOM (inverting

mode)

Table 17-5. Compare Output Mode, Phase Correct and Phase and Frequency Correct PWM

COMnA1
COMnB1
COMnC1

COMnA0
COMnB0
COMnC0 Description

0 0 Normal port operation, OCnA/OCnB/OCnC disconnected

0 1
WGM13:0 =9 or 11: Toggle OC1A on Compare Match, OC1B and OC1C disconnected (normal port
operation). For all other WGM1 settings, normal port operation, OC1A/OC1B/OC1C disconnected

1 0
Clear OCnA/OCnB/OCnC on compare match when up-counting
Set OCnA/OCnB/OCnC on compare match when downcounting

1 1
Set OCnA/OCnB/OCnC on compare match when up-counting

Clear OCnA/OCnB/OCnC on compare match when downcounting
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Note: A special case occurs when OCRnA/OCRnB/OCRnC equals TOP and COMnA1/COMnB1//COMnC1 is set. See
“Phase Correct PWM Mode” on page 148. for more details.

17.11.5 TCCR1B – Timer/Counter 1 Control Register B

17.11.6 TCCR3B – Timer/Counter 3 Control Register B

17.11.7 TCCR4B – Timer/Counter 4 Control Register B

17.11.8 TCCR5B – Timer/Counter 5 Control Register B

• Bit 7 – ICNCn: Input Capture Noise Canceler

Setting this bit (to one) activates the Input Capture Noise Canceler. When the Noise Canceler is activated, the
input from the Input Capture Pin (ICPn) is filtered. The filter function requires four successive equal valued samples
of the ICPn pin for changing its output. The input capture is therefore delayed by four Oscillator cycles when the
noise canceler is enabled.

• Bit 6 – ICESn: Input Capture Edge Select

This bit selects which edge on the Input Capture Pin (ICPn) that is used to trigger a capture event. When the
ICESn bit is written to zero, a falling (negative) edge is used as trigger, and when the ICESn bit is written to one, a
rising (positive) edge will trigger the capture.

When a capture is triggered according to the ICESn setting, the counter value is copied into the Input Capture Reg-
ister (ICRn). The event will also set the Input Capture Flag (ICFn), and this can be used to cause an Input Capture
Interrupt, if this interrupt is enabled.

When the ICRn is used as TOP value (see description of the WGMn3:0 bits located in the TCCRnA and the
TCCRnB Register), the ICPn is disconnected and consequently the input capture function is disabled.

• Bit 5 – Reserved Bit

This bit is reserved for future use. For ensuring compatibility with future devices, this bit must be written to zero
when TCCRnB is written.

• Bit 4:3 – WGMn3:2: Waveform Generation Mode

Bit 7 6 5 4 3 2 1 0

(0x81) ICNC1 ICES1 – WGM13 WGM12 CS12 CS11 CS10 TCCR1B

Read/Write R/W R/W R R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x91) ICNC3 ICES3 – WGM33 WGM32 CS32 CS31 CS30 TCCR3B

Read/Write R/W R/W R R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA1) ICNC4 ICES4 – WGM43 WGM42 CS42 CS41 CS40 TCCR4B

Read/Write R/W R/W R R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x121) ICNC5 ICES5 – WGM53 WGM52 CS52 CS51 CS50 TCCR5B

Read/Write R/W R/W R R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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See TCCRnA Register description.

• Bit 2:0 – CSn2:0: Clock Select

The three clock select bits select the clock source to be used by the Timer/Counter, see Figure 17-10 and Figure
17-11 on page 152.

If external pin modes are used for the Timer/Countern, transitions on the Tn pin will clock the counter even if the
pin is configured as an output. This feature allows software control of the counting.

17.11.9 TCCR1C – Timer/Counter 1 Control Register C

17.11.10 TCCR3C – Timer/Counter 3 Control Register C

17.11.11 TCCR4C – Timer/Counter 4 Control Register C

17.11.12 TCCR5C – Timer/Counter 5 Control Register C

Table 17-6. Clock Select Bit Description

CSn2 CSn1 CSn0 Description

0 0 0 No clock source. (Timer/Counter stopped)

0 0 1 clkI/O/1 (No prescaling

0 1 0 clkI/O/8 (From prescaler)

0 1 1 clkI/O/64 (From prescaler)

1 0 0 clkI/O/256 (From prescaler)

1 0 1 clkI/O/1024 (From prescaler)

1 1 0 External clock source on Tn pin. Clock on falling edge

1 1 1 External clock source on Tn pin. Clock on rising edge

Bit 7 6 5 4 3 2 1 0

(0x82) FOC1A FOC1B FOC1C – – – – – TCCR1C

Read/Write W W W R R R R R

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x92) FOC3A FOC3B FOC3C – – – – – TCCR3C

Read/Write W W W R R R R R

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA2) FOC4A FOC4B FOC4C – – – – – TCCR4C

Read/Write W W W R R R R R

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x122) FOC5A FOC5B FOC3C – – – – – TCCR5C

Read/Write W W W R R R R R

Initial Value 0 0 0 0 0 0 0 0
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• Bit 7 – FOCnA: Force Output Compare for Channel A
• Bit 6 – FOCnB: Force Output Compare for Channel B
• Bit 5 – FOCnC: Force Output Compare for Channel C

The FOCnA/FOCnB/FOCnC bits are only active when the WGMn3:0 bits specifies a non-PWM mode. When writ-
ing a logical one to the FOCnA/FOCnB/FOCnC bit, an immediate compare match is forced on the waveform
generation unit. The OCnA/OCnB/OCnC output is changed according to its COMnx1:0 bits setting. Note that the
FOCnA/FOCnB/FOCnC bits are implemented as strobes. Therefore it is the value present in the COMnx1:0 bits
that determine the effect of the forced compare.

A FOCnA/FOCnB/FOCnC strobe will not generate any interrupt nor will it clear the timer in Clear Timer on Com-
pare Match (CTC) mode using OCRnA as TOP.

The FOCnA/FOCnB/FOCnB bits are always read as zero.

• Bit 4:0 – Reserved Bits

These bits are reserved for future use. For ensuring compatibility with future devices, these bits must be written to
zero when TCCRnC is written.

17.11.13 TCNT1H and TCNT1L – Timer/Counter 1

17.11.14 TCNT3H and TCNT3L – Timer/Counter 3

17.11.15 TCNT4H and TCNT4L –Timer/Counter 4

17.11.16 TCNT5H and TCNT5L –Timer/Counter 5

The two Timer/Counter I/O locations (TCNTnH and TCNTnL, combined TCNTn) give direct access, both for read
and for write operations, to the Timer/Counter unit 16-bit counter. To ensure that both the high and low bytes are
read and written simultaneously when the CPU accesses these registers, the access is performed using an 8-bit
temporary High Byte Register (TEMP). This temporary register is shared by all the other 16-bit registers. See
“Accessing 16-bit Registers” on page 135.

Bit 7 6 5 4 3 2 1 0

(0x85) TCNT1[15:8] TCNT1H

(0x84) TCNT1[7:0] TCNT1L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x95) TCNT3[15:8] TCNT3H

(0x94) TCNT3[7:0] TCNT3L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA5) TCNT4[15:8] TCNT4H

(0xA4) TCNT4[7:0] TCNT4L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x125) TCNT5[15:8] TCNT5H

(0x124) TCNT5[7:0] TCNT5L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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Modifying the counter (TCNTn) while the counter is running introduces a risk of missing a compare match between
TCNTn and one of the OCRnx Registers.

Writing to the TCNTn Register blocks (removes) the compare match on the following timer clock for all compare
units.

17.11.17 OCR1AH and OCR1AL – Output Compare Register 1 A

17.11.18 OCR1BH and OCR1BL – Output Compare Register 1 B

17.11.19 OCR1CH and OCR1CL – Output Compare Register 1 C

17.11.20 OCR3AH and OCR3AL – Output Compare Register 3 A

17.11.21 OCR3BH and OCR3BL – Output Compare Register 3 B

17.11.22 OCR3CH and OCR3CL – Output Compare Register 3 C

17.11.23 OCR4AH and OCR4AL – Output Compare Register 4 A

Bit 7 6 5 4 3 2 1 0

(0x89) OCR1A[15:8] OCR1AH

(0x88) OCR1A[7:0] OCR1AL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x8B) OCR1B[15:8] OCR1BH

(0x8A) OCR1B[7:0] OCR1BL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x8D) OCR1C[15:8] OCR1CH

(0x8C) OCR1C[7:0] OCR1CL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x99) OCR3A[15:8] OCR3AH

(0x98) OCR3A[7:0] OCR3AL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x9B) OCR3B[15:8] OCR3BH

(0x9A) OCR3B[7:0] OCR3BL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x9D) OCR3C[15:8] OCR3CH

(0x9C) OCR3C[7:0] OCR3CL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA9) OCR4A[15:8] OCR4AH
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17.11.24 OCR4BH and OCR4BL – Output Compare Register 4 B

17.11.25 OCR4CH and OCR4CL –Output Compare Register 4 C

17.11.26 OCR5AH and OCR5AL – Output Compare Register 5 A

17.11.27 OCR5BH and OCR5BL – Output Compare Register 5 B

17.11.28 OCR5CH and OCR5CL –Output Compare Register 5 C

The Output Compare Registers contain a 16-bit value that is continuously compared with the counter value
(TCNTn). A match can be used to generate an Output Compare interrupt, or to generate a waveform output on the
OCnx pin.

The Output Compare Registers are 16-bit in size. To ensure that both the high and low bytes are written simultane-
ously when the CPU writes to these registers, the access is performed using an 8-bit temporary High Byte Register
(TEMP). This temporary register is shared by all the other 16-bit registers. See “Accessing 16-bit Registers” on
page 135.

17.11.29 ICR1H and ICR1L – Input Capture Register 1

(0xA8) OCR4A[7:0] OCR4AL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xAA) OCR4B[15:8] OCR4BH

(0xAB) OCR4B[7:0] OCR4BL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xAD) OCR4C[15:8] OCR4CH

(0xAC) OCR4C[7:0] OCR4CL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x129) OCR5A[15:8] OCR5AH

(0x128) OCR5A[7:0] OCR5AL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x12B) OCR5B[15:8] OCR5BH

(0x12A) OCR5B[7:0] OCR5BL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x12D) OCR5C[15:8] OCR5CH

(0x12C) OCR5C[7:0] OCR5CL

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x87) ICR1[15:8] ICR1H

(0x86) ICR1[7:0] ICR1L
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17.11.30 ICR3H and ICR3L – Input Capture Register 3

17.11.31 ICR4H and ICR4L – Input Capture Register 4

17.11.32 ICR5H and ICR5L – Input Capture Register 5

The Input Capture is updated with the counter (TCNTn) value each time an event occurs on the ICPn pin (or
optionally on the Analog Comparator output for Timer/Counter1). The Input Capture can be used for defining the
counter TOP value.

The Input Capture Register is 16-bit in size. To ensure that both the high and low bytes are read simultaneously
when the CPU accesses these registers, the access is performed using an 8-bit temporary High Byte Register
(TEMP). This temporary register is shared by all the other 16-bit registers. See “Accessing 16-bit Registers” on
page 135.

17.11.33 TIMSK1 – Timer/Counter 1 Interrupt Mask Register

17.11.34 TIMSK3 – Timer/Counter 3 Interrupt Mask Register

17.11.35 TIMSK4 – Timer/Counter 4 Interrupt Mask Register

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x97) ICR3[15:8] ICR3H

(0x96) ICR3[7:0] ICR3L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xA7) ICR4[15:8] ICR4H

(0xA6) ICR4[7:0] ICR4L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x127) ICR5[15:8] ICR5H

(0x126) ICR5[7:0] ICR5L

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x6F) – – ICIE1 – OCIE1C OCIE1B OCIE1A TOIE1 TIMSK1

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x71) – – ICIE3 – OCIE3C OCIE3B OCIE3A TOIE3 TIMSK3

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0x72) – – ICIE4 – OCIE4C OCIE4B OCIE4A TOIE4 TIMSK4

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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17.11.36 TIMSK5 – Timer/Counter 5 Interrupt Mask Register

• Bit 5 – ICIEn: Timer/Countern, Input Capture Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally enabled), the
Timer/Countern Input Capture interrupt is enabled. The corresponding Interrupt Vector (see “Interrupts” on page
101) is executed when the ICFn Flag, located in TIFRn, is set.

• Bit 3 – OCIEnC: Timer/Countern, Output Compare C Match Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally enabled), the
Timer/Countern Output Compare C Match interrupt is enabled. The corresponding Interrupt Vector (see “Inter-
rupts” on page 101) is executed when the OCFnC Flag, located in TIFRn, is set.

• Bit 2 – OCIEnB: Timer/Countern, Output Compare B Match Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally enabled), the
Timer/Countern Output Compare B Match interrupt is enabled. The corresponding Interrupt Vector (see “Inter-
rupts” on page 101) is executed when the OCFnB Flag, located in TIFRn, is set.

• Bit 1 – OCIEnA: Timer/Countern, Output Compare A Match Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally enabled), the
Timer/Countern Output Compare A Match interrupt is enabled. The corresponding Interrupt Vector (see “Inter-
rupts” on page 101) is executed when the OCFnA Flag, located in TIFRn, is set.

• Bit 0 – TOIEn: Timer/Countern, Overflow Interrupt Enable

When this bit is written to one, and the I-flag in the Status Register is set (interrupts globally enabled), the
Timer/Countern Overflow interrupt is enabled. The corresponding Interrupt Vector (see “Interrupts” on page 101) is
executed when the TOVn Flag, located in TIFRn, is set.

17.11.37 TIFR1 – Timer/Counter1 Interrupt Flag Register

17.11.38 TIFR3 – Timer/Counter3 Interrupt Flag Register

17.11.39 TIFR4 – Timer/Counter4 Interrupt Flag Register

Bit 7 6 5 4 3 2 1 0

(0x73) – – ICIE5 – OCIE5C OCIE5B OCIE5A TOIE5 TIMSK5

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x16 (0x36) – – ICF1 – OCF1C OCF1B OCF1A TOV1 TIFR1

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x18 (0x38) – – ICF3 – OCF3C OCF3B OCF3A TOV3 TIFR3

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x19 (0x39) – – ICF4 – OCF4C OCF4B OCF4A TOV4 TIFR4

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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17.11.40 TIFR5 – Timer/Counter5 Interrupt Flag Register

• Bit 5 – ICFn: Timer/Countern, Input Capture Flag

This flag is set when a capture event occurs on the ICPn pin. When the Input Capture Register (ICRn) is set by the
WGMn3:0 to be used as the TOP value, the ICFn Flag is set when the counter reaches the TOP value.

ICFn is automatically cleared when the Input Capture Interrupt Vector is executed. Alternatively, ICFn can be
cleared by writing a logic one to its bit location.

• Bit 3– OCFnC: Timer/Countern, Output Compare C Match Flag

This flag is set in the timer clock cycle after the counter (TCNTn) value matches the Output Compare Register C
(OCRnC).

Note that a Forced Output Compare (FOCnC) strobe will not set the OCFnC Flag.

OCFnC is automatically cleared when the Output Compare Match C Interrupt Vector is executed. Alternatively,
OCFnC can be cleared by writing a logic one to its bit location.

• Bit 2 – OCFnB: Timer/Counter1, Output Compare B Match Flag

This flag is set in the timer clock cycle after the counter (TCNTn) value matches the Output Compare Register B
(OCRnB).

Note that a Forced Output Compare (FOCnB) strobe will not set the OCFnB Flag.

OCFnB is automatically cleared when the Output Compare Match B Interrupt Vector is executed. Alternatively,
OCFnB can be cleared by writing a logic one to its bit location.

• Bit 1 – OCF1A: Timer/Counter1, Output Compare A Match Flag

This flag is set in the timer clock cycle after the counter (TCNTn value matches the Output Compare Register A
(OCRnA).

Note that a Forced Output Compare (FOCnA) strobe will not set the OCFnA Flag.

OCFnA is automatically cleared when the Output Compare Match A Interrupt Vector is executed. Alternatively,
OCFnA can be cleared by writing a logic one to its bit location.

• Bit 0 – TOVn: Timer/Countern, Overflow Flag

The setting of this flag is dependent of the WGMn3:0 bits setting. In Normal and CTC modes, the TOVn Flag is set
when the timer overflows. Refer to Table 17-2 on page 145 for the TOVn Flag behavior when using another
WGMn3:0 bit setting.

TOVn is automatically cleared when the Timer/Countern Overflow Interrupt Vector is executed. Alternatively, TOVn
can be cleared by writing a logic one to its bit location.

Bit 7 6 5 4 3 2 1 0

0x1A (0x3A) – – ICF5 – OCF5C OCF5B OCF5A TOV5 TIFR5

Read/Write R R R/W R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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Figure 20-11 shows the setting of OCF2A and the clearing of TCNT2 in CTC mode.

Figure 20-11. Timer/Counter Timing Diagram, Clear Timer on Compare Match mode, with Prescaler (fclk_I/O/8)

20.8 Asynchronous Operation of Timer/Counter2

When Timer/Counter2 operates asynchronously, some considerations must be taken.

• Warning: When switching between asynchronous and synchronous clocking of Timer/Counter2, the Timer
Registers TCNT2, OCR2x, and TCCR2x might be corrupted. A safe procedure for switching clock source is:

1. Disable the Timer/Counter2 interrupts by clearing OCIE2x and TOIE2.

2. Select clock source by setting AS2 as appropriate.

3. Write new values to TCNT2, OCR2x, and TCCR2x.

4. To switch to asynchronous operation: Wait for TCN2UB, OCR2xUB, and TCR2xUB.

5. Clear the Timer/Counter2 Interrupt Flags.

6. Enable interrupts, if needed.

• The CPU main clock frequency must be more than four times the Oscillator frequency.

• When writing to one of the registers TCNT2, OCR2x, or TCCR2x, the value is transferred to a temporary
register, and latched after two positive edges on TOSC1. The user should not write a new value before the
contents of the temporary register have been transferred to its destination. Each of the five mentioned registers
have their individual temporary register, which means that, for example, writing to TCNT2 does not disturb an
OCR2x write in progress. To detect that a transfer to the destination register has taken place, the
Asynchronous Status Register – ASSR has been implemented.

• When entering Power-save or ADC Noise Reduction mode after having written to TCNT2, OCR2x, or TCCR2x,
the user must wait until the written register has been updated if Timer/Counter2 is used to wake up the device.
Otherwise, the MCU will enter sleep mode before the changes are effective. This is particularly important if any
of the Output Compare2 interrupt is used to wake up the device, since the Output Compare function is disabled
during writing to OCR2x or TCNT2. If the write cycle is not finished, and the MCU enters sleep mode before the
corresponding OCR2xUB bit returns to zero, the device will never receive a compare match interrupt, and the
MCU will not wake up.

• If Timer/Counter2 is used to wake the device up from Power-save or ADC Noise Reduction mode, precautions
must be taken if the user wants to re-enter one of these modes: The interrupt logic needs one TOSC1 cycle to
be reset. If the time between wake-up and re-entering sleep mode is less than one TOSC1 cycle, the interrupt
will not occur, and the device will fail to wake up. If the user is in doubt whether the time before re-entering
Power-save or ADC Noise Reduction mode is sufficient, the following algorithm can be used to ensure that one
TOSC1 cycle has elapsed:

OCFnx

OCRnx

TCNTn
(CTC)

TOP

TOP - 1 TOP BOTTOM BOTTOM + 1

clk
I/O

clkTn
(clk

I/O
/8)
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1. Write a value to TCCR2x, TCNT2, or OCR2x.

2. Wait until the corresponding Update Busy Flag in ASSR returns to zero.

3. Enter Power-save or ADC Noise Reduction mode.

• When the asynchronous operation is selected, the 32.768kHz Oscillator for Timer/Counter2 is always running,
except in Power-down and Standby modes. After a Power-up Reset or wake-up from Power-down or Standby
mode, the user should be aware of the fact that this Oscillator might take as long as one second to stabilize.
The user is advised to wait for at least one second before using Timer/Counter2 after power-up or wake-up
from Power-down or Standby mode. The contents of all Timer/Counter2 Registers must be considered lost
after a wake-up from Power-down or Standby mode due to unstable clock signal upon start-up, no matter
whether the Oscillator is in use or a clock signal is applied to the TOSC1 pin.

• Description of wake up from Power-save or ADC Noise Reduction mode when the timer is clocked
asynchronously: When the interrupt condition is met, the wake up process is started on the following cycle of
the timer clock, that is, the timer is always advanced by at least one before the processor can read the counter
value. After wake-up, the MCU is halted for four cycles, it executes the interrupt routine, and resumes
execution from the instruction following SLEEP.

• Reading of the TCNT2 Register shortly after wake-up from Power-save may give an incorrect result. Since
TCNT2 is clocked on the asynchronous TOSC clock, reading TCNT2 must be done through a register
synchronized to the internal I/O clock domain. Synchronization takes place for every rising TOSC1 edge.
When waking up from Power-save mode, and the I/O clock (clkI/O) again becomes active, TCNT2 will read as
the previous value (before entering sleep) until the next rising TOSC1 edge. The phase of the TOSC clock after
waking up from Power-save mode is essentially unpredictable, as it depends on the wake-up time. The
recommended procedure for reading TCNT2 is thus as follows:

1. Write any value to either of the registers OCR2x or TCCR2x.

2. Wait for the corresponding Update Busy Flag to be cleared.

3. Read TCNT2.

• During asynchronous operation, the synchronization of the Interrupt Flags for the asynchronous timer takes
three processor cycles plus one timer cycle. The timer is therefore advanced by at least one before the
processor can read the timer value causing the setting of the Interrupt Flag. The Output Compare pin is
changed on the timer clock and is not synchronized to the processor clock.

20.9 Timer/Counter Prescaler

Figure 20-12. Prescaler for Timer/Counter2
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20.10 Register Description

20.10.1 TCCR2A –Timer/Counter Control Register A

• Bits 7:6 – COM2A1:0: Compare Match Output A Mode

These bits control the Output Compare pin (OC2A) behavior. If one or both of the COM2A1:0 bits are set, the
OC2A output overrides the normal port functionality of the I/O pin it is connected to. However, note that the Data
Direction Register (DDR) bit corresponding to the OC2A pin must be set in order to enable the output driver.

When OC2A is connected to the pin, the function of the COM2A1:0 bits depends on the WGM22:0 bit setting.
Table 20-2 shows the COM2A1:0 bit functionality when the WGM22:0 bits are set to a normal or CTC mode (non-
PWM).

Table 20-3 shows the COM2A1:0 bit functionality when the WGM21:0 bits are set to fast PWM mode.

Note: 1. A special case occurs when OCR2A equals TOP and COM2A1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 173 for more details.

Table 20-4 on page 183 shows the COM2A1:0 bit functionality when the WGM22:0 bits are set to phase correct
PWM mode.

Bit 7 6 5 4 3 2 1 0

(0xB0) COM2A1 COM2A0 COM2B1 COM2B0 – – WGM21 WGM20 TCCR2A

Read/Write R/W R/W R/W R/W R R R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 20-2. Compare Output Mode, non-PWM Mode

COM2A1 COM2A0 Description

0 0 Normal port operation, OC2A disconnected

0 1 Toggle OC2A on Compare Match

1 0 Clear OC2A on Compare Match

1 1 Set OC2A on Compare Match

Table 20-3. Compare Output Mode, Fast PWM Mode(1)

COM2A1 COM2A0 Description

0 0 Normal port operation, OC2A disconnected

0 1
WGM22 = 0: Normal Port Operation, OC2A Disconnected

WGM22 = 1: Toggle OC2A on Compare Match

1 0
Clear OC2A on Compare Match, set OC2A at BOTTOM

(non-inverting mode)

1 1
Set OC2A on Compare Match, clear OC2A at BOTTOM

(inverting mode)
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Note: 1. A special case occurs when OCR2A equals TOP and COM2A1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at TOP. See “Phase Correct PWM Mode” on page 173 for more details.

• Bits 5:4 – COM2B1:0: Compare Match Output B Mode

These bits control the Output Compare pin (OC2B) behavior. If one or both of the COM2B1:0 bits are set, the
OC2B output overrides the normal port functionality of the I/O pin it is connected to. However, note that the Data
Direction Register (DDR) bit corresponding to the OC2B pin must be set in order to enable the output driver.

When OC2B is connected to the pin, the function of the COM2B1:0 bits depends on the WGM22:0 bit setting.
Table 20-5 shows the COM2B1:0 bit functionality when the WGM22:0 bits are set to a normal or CTC mode (non-
PWM).

Table 20-6 shows the COM2B1:0 bit functionality when the WGM22:0 bits are set to fast PWM mode.

Note: 1. A special case occurs when OCR2B equals TOP and COM2B1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at BOTTOM. See “Fast PWM Mode” on page 173 for more details.

Table 20-4. Compare Output Mode, Phase Correct PWM Mode(1)

COM2A1 COM2A0 Description

0 0 Normal port operation, OC2A disconnected

0 1
WGM22 = 0: Normal Port Operation, OC2A Disconnected

WGM22 = 1: Toggle OC2A on Compare Match

1 0
Clear OC2A on Compare Match when up-counting
Set OC2A on Compare Match when down-counting

1 1
Set OC2A on Compare Match when up-counting

Clear OC2A on Compare Match when down-counting

Table 20-5. Compare Output Mode, non-PWM Mode

COM2B1 COM2B0 Description

0 0 Normal port operation, OC2B disconnected

0 1 Toggle OC2B on Compare Match

1 0 Clear OC2B on Compare Match

1 1 Set OC2B on Compare Match

Table 20-6. Compare Output Mode, Fast PWM Mode(1)

COM2B1 COM2B0 Description

0 0 Normal port operation, OC2B disconnected

0 1 Reserved

1 0
Clear OC2B on Compare Match, set OC2B at BOTTOM

(non-inverting mode)

1 1
Set OC2B on Compare Match, clear OC2B at BOTTOM

(inverting mode)
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Table 20-7 shows the COM2B1:0 bit functionality when the WGM22:0 bits are set to phase correct PWM mode.

Note: 1. A special case occurs when OCR2B equals TOP and COM2B1 is set. In this case, the Compare Match is ignored,
but the set or clear is done at TOP. See “Phase Correct PWM Mode” on page 173 for more details.

• Bits 3, 2 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bits 1:0 – WGM21:0: Waveform Generation Mode

Combined with the WGM22 bit found in the TCCR2B Register, these bits control the counting sequence of the
counter, the source for maximum (TOP) counter value, and what type of waveform generation to be used, see
Table 20-8. Modes of operation supported by the Timer/Counter unit are: Normal mode (counter), Clear Timer on
Compare Match (CTC) mode, and two types of Pulse Width Modulation (PWM) modes (see “Modes of Operation”
on page 171).

Notes: 1. MAX = 0xFF.
2. BOTTOM= 0x00.

Table 20-7. Compare Output Mode, Phase Correct PWM Mode(1)

COM2B1 COM2B0 Description

0 0 Normal port operation, OC2B disconnected

0 1 Reserved

1 0
Clear OC2B on Compare Match when up-counting
Set OC2B on Compare Match when down-counting

1 1
Set OC2B on Compare Match when up-counting

Clear OC2B on Compare Match when down-counting

Table 20-8. Waveform Generation Mode Bit Description

Mode WGM2 WGM1 WGM0
Timer/Counter Mode of

Operation TOP
Update of
OCRx at

TOV Flag
Set on(1)(2)

0 0 0 0 Normal 0xFF Immediate MAX

1 0 0 1 PWM, Phase Correct 0xFF TOP BOTTOM

2 0 1 0 CTC OCRA Immediate MAX

3 0 1 1 Fast PWM 0xFF BOTTOM MAX

4 1 0 0 Reserved – – –

5 1 0 1 PWM, Phase Correct OCRA TOP BOTTOM

6 1 1 0 Reserved – – –

7 1 1 1 Fast PWM OCRA BOTTOM TOP
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20.10.2 TCCR2B – Timer/Counter Control Register B

• Bit 7 – FOC2A: Force Output Compare A

The FOC2A bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when TCCR2B is written when
operating in PWM mode. When writing a logical one to the FOC2A bit, an immediate Compare Match is forced on
the Waveform Generation unit. The OC2A output is changed according to its COM2A1:0 bits setting. Note that the
FOC2A bit is implemented as a strobe. Therefore it is the value present in the COM2A1:0 bits that determines the
effect of the forced compare.

A FOC2A strobe will not generate any interrupt, nor will it clear the timer in CTC mode using OCR2A as TOP.

The FOC2A bit is always read as zero.

• Bit 6 – FOC2B: Force Output Compare B

The FOC2B bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when TCCR2B is written when
operating in PWM mode. When writing a logical one to the FOC2B bit, an immediate Compare Match is forced on
the Waveform Generation unit. The OC2B output is changed according to its COM2B1:0 bits setting. Note that the
FOC2B bit is implemented as a strobe. Therefore it is the value present in the COM2B1:0 bits that determines the
effect of the forced compare.

A FOC2B strobe will not generate any interrupt, nor will it clear the timer in CTC mode using OCR2B as TOP.

The FOC2B bit is always read as zero.

• Bits 5:4 – Res: Reserved Bits

These bits are reserved bits and will always read as zero.

• Bit 3 – WGM22: Waveform Generation Mode

See the description in the “TCCR2A –Timer/Counter Control Register A” on page 182.

• Bit 2:0 – CS22:0: Clock Select

The three Clock Select bits select the clock source to be used by the Timer/Counter, see Table 20-9.

Bit 7 6 5 4 3 2 1 0

(0xB1) FOC2A FOC2B – – WGM22 CS22 CS21 CS20 TCCR2B

Read/Write W W R R R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Table 20-9. Clock Select Bit Description

CS22 CS21 CS20 Description

0 0 0 No clock source (Timer/Counter stopped)

0 0 1 clkT2S/(No prescaling)

0 1 0 clkT2S/8 (From prescaler)

0 1 1 clkT2S/32 (From prescaler)

1 0 0 clkT2S/64 (From prescaler)
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If external pin modes are used for the Timer/Counter0, transitions on the T0 pin will clock the counter even if the
pin is configured as an output. This feature allows software control of the counting.

20.10.3 TCNT2 – Timer/Counter Register

The Timer/Counter Register gives direct access, both for read and write operations, to the Timer/Counter unit 8-bit
counter. Writing to the TCNT2 Register blocks (removes) the Compare Match on the following timer clock. Modify-
ing the counter (TCNT2) while the counter is running, introduces a risk of missing a Compare Match between
TCNT2 and the OCR2x Registers.

20.10.4 OCR2A – Output Compare Register A

The Output Compare Register A contains an 8-bit value that is continuously compared with the counter value
(TCNT2). A match can be used to generate an Output Compare interrupt, or to generate a waveform output on the
OC2A pin.

20.10.5 OCR2B – Output Compare Register B

The Output Compare Register B contains an 8-bit value that is continuously compared with the counter value
(TCNT2). A match can be used to generate an Output Compare interrupt, or to generate a waveform output on the
OC2B pin.

1 0 1 clkT2S/128 (From prescaler)

1 1 0 clkT2S/256 (From prescaler)

1 1 1 clkT2S/1024 (From prescaler)

Table 20-9. Clock Select Bit Description (Continued)

CS22 CS21 CS20 Description

Bit 7 6 5 4 3 2 1 0

(0xB2) TCNT2[7:0] TCNT2

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xB3) OCR2A[7:0] OCR2A

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

(0xB4) OCR2B[7:0] OCR2B

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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20.10.6 ASSR – Asynchronous Status Register

• Bit 6 – EXCLK: Enable External Clock Input

When EXCLK is written to one, and asynchronous clock is selected, the external clock input buffer is enabled and
an external clock can be input on Timer Oscillator 1 (TOSC1) pin instead of a 32kHz crystal. Writing to EXCLK
should be done before asynchronous operation is selected. Note that the crystal Oscillator will only run when this
bit is zero.

• Bit 5 – AS2: Asynchronous Timer/Counter2

When AS2 is written to zero, Timer/Counter2 is clocked from the I/O clock, clkI/O. When AS2 is written to one,
Timer/Counter2 is clocked from a crystal Oscillator connected to the Timer Oscillator 1 (TOSC1) pin. When the
value of AS2 is changed, the contents of TCNT2, OCR2A, OCR2B, TCCR2A and TCCR2B might be corrupted.

• Bit 4 – TCN2UB: Timer/Counter2 Update Busy

When Timer/Counter2 operates asynchronously and TCNT2 is written, this bit becomes set. When TCNT2 has
been updated from the temporary storage register, this bit is cleared by hardware. A logical zero in this bit indicates
that TCNT2 is ready to be updated with a new value.

• Bit 3 – OCR2AUB: Output Compare Register2 Update Busy

When Timer/Counter2 operates asynchronously and OCR2A is written, this bit becomes set. When OCR2A has
been updated from the temporary storage register, this bit is cleared by hardware. A logical zero in this bit indicates
that OCR2A is ready to be updated with a new value.

• Bit 2 – OCR2BUB: Output Compare Register2 Update Busy

When Timer/Counter2 operates asynchronously and OCR2B is written, this bit becomes set. When OCR2B has
been updated from the temporary storage register, this bit is cleared by hardware. A logical zero in this bit indicates
that OCR2B is ready to be updated with a new value.

• Bit 1 – TCR2AUB: Timer/Counter Control Register2 Update Busy

When Timer/Counter2 operates asynchronously and TCCR2A is written, this bit becomes set. When TCCR2A has
been updated from the temporary storage register, this bit is cleared by hardware. A logical zero in this bit indicates
that TCCR2A is ready to be updated with a new value.

• Bit 0 – TCR2BUB: Timer/Counter Control Register2 Update Busy

When Timer/Counter2 operates asynchronously and TCCR2B is written, this bit becomes set. When TCCR2B has
been updated from the temporary storage register, this bit is cleared by hardware. A logical zero in this bit indicates
that TCCR2B is ready to be updated with a new value.

If a write is performed to any of the five Timer/Counter2 Registers while its update busy flag is set, the updated
value might get corrupted and cause an unintentional interrupt to occur.

The mechanisms for reading TCNT2, OCR2A, OCR2B, TCCR2A and TCCR2B are different. When reading
TCNT2, the actual timer value is read. When reading OCR2A, OCR2B, TCCR2A and TCCR2B the value in the
temporary storage register is read.

Bit 7 6 5 4 3 2 1 0

(0xB6) – EXCLK AS2 TCN2UB OCR2AUB OCR2BUB TCR2AUB TCR2BUB ASSR

Read/Write R R/W R/W R R R R R

Initial Value 0 0 0 0 0 0 0 0
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20.10.7 TIMSK2 – Timer/Counter2 Interrupt Mask Register

• Bit 2 – OCIE2B: Timer/Counter2 Output Compare Match B Interrupt Enable

When the OCIE2B bit is written to one and the I-bit in the Status Register is set (one), the Timer/Counter2 Com-
pare Match B interrupt is enabled. The corresponding interrupt is executed if a compare match in Timer/Counter2
occurs, that is, when the OCF2B bit is set in the Timer/Counter 2 Interrupt Flag Register – TIFR2.

• Bit 1 – OCIE2A: Timer/Counter2 Output Compare Match A Interrupt Enable

When the OCIE2A bit is written to one and the I-bit in the Status Register is set (one), the Timer/Counter2 Com-
pare Match A interrupt is enabled. The corresponding interrupt is executed if a compare match in Timer/Counter2
occurs, that is, when the OCF2A bit is set in the Timer/Counter 2 Interrupt Flag Register – TIFR2.

• Bit 0 – TOIE2: Timer/Counter2 Overflow Interrupt Enable

When the TOIE2 bit is written to one and the I-bit in the Status Register is set (one), the Timer/Counter2 Overflow
interrupt is enabled. The corresponding interrupt is executed if an overflow in Timer/Counter2 occurs, that is, when
the TOV2 bit is set in the Timer/Counter2 Interrupt Flag Register – TIFR2.

20.10.8 TIFR2 – Timer/Counter2 Interrupt Flag Register

• Bit 2 – OCF2B: Output Compare Flag 2 B

The OCF2B bit is set (one) when a compare match occurs between the Timer/Counter2 and the data in OCR2B –
Output Compare Register2. OCF2B is cleared by hardware when executing the corresponding interrupt handling
vector. Alternatively, OCF2B is cleared by writing a logic one to the flag. When the I-bit in SREG, OCIE2B
(Timer/Counter2 Compare match Interrupt Enable), and OCF2B are set (one), the Timer/Counter2 Compare match
Interrupt is executed.

• Bit 1 – OCF2A: Output Compare Flag 2 A

The OCF2A bit is set (one) when a compare match occurs between the Timer/Counter2 and the data in OCR2A –
Output Compare Register2. OCF2A is cleared by hardware when executing the corresponding interrupt handling
vector. Alternatively, OCF2A is cleared by writing a logic one to the flag. When the I-bit in SREG, OCIE2A
(Timer/Counter2 Compare match Interrupt Enable), and OCF2A are set (one), the Timer/Counter2 Compare match
Interrupt is executed.

• Bit 0 – TOV2: Timer/Counter2 Overflow Flag

The TOV2 bit is set (one) when an overflow occurs in Timer/Counter2. TOV2 is cleared by hardware when execut-
ing the corresponding interrupt handling vector. Alternatively, TOV2 is cleared by writing a logic one to the flag.
When the SREG I-bit, TOIE2A (Timer/Counter2 Overflow Interrupt Enable), and TOV2 are set (one), the
Timer/Counter2 Overflow interrupt is executed. In PWM mode, this bit is set when Timer/Counter2 changes count-
ing direction at 0x00.

Bit 7 6 5 4 3 2 1 0

(0x70) – – – – – OCIE2B OCIE2A TOIE2 TIMSK2

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

Bit 7 6 5 4 3 2 1 0

0x17 (0x37) – – – – – OCF2B OCF2A TOV2 TIFR2

Read/Write R R R R R R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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20.10.9 GTCCR – General Timer/Counter Control Register

• Bit 1 – PSRASY: Prescaler Reset Timer/Counter2

When this bit is one, the Timer/Counter2 prescaler will be reset. This bit is normally cleared immediately by hard-
ware. If the bit is written when Timer/Counter2 is operating in asynchronous mode, the bit will remain one until the
prescaler has been reset. The bit will not be cleared by hardware if the TSM bit is set. Refer to the description of
the “Bit 7 – TSM: Timer/Counter Synchronization Mode” on page 166 for a description of the Timer/Counter Syn-
chronization mode.

Bit 7 6 5 4 3 2 1 0

0x23 (0x43) TSM – – – – – PSRASY PSRSYNC GTCCR

Read/Write R/W R R R R R R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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Note: 1. The baud rate is defined to be the transfer rate in bit per second (bps).

BAUD Baud rate (in bits per second, bps).

fOSC System Oscillator clock frequency.

UBRRn Contents of the UBRRHn and UBRRLn Registers, (0-4095).

Some examples of UBRRn values for some system clock frequencies are found in Table 22-9 on page 223.

22.3.2 Double Speed Operation (U2Xn)

The transfer rate can be doubled by setting the U2Xn bit in UCSRnA. Setting this bit only has effect for the asyn-
chronous operation. Set this bit to zero when using synchronous operation.

Setting this bit will reduce the divisor of the baud rate divider from 16 to 8, effectively doubling the transfer rate for
asynchronous communication. Note however that the Receiver will in this case only use half the number of sam-
ples (reduced from 16 to 8) for data sampling and clock recovery, and therefore a more accurate baud rate setting
and system clock are required when this mode is used. For the Transmitter, there are no downsides.

22.3.3 External Clock

External clocking is used by the synchronous slave modes of operation. The description in this section refers to
Figure 22-2 on page 202 for details.

External clock input from the XCKn pin is sampled by a synchronization register to minimize the chance of meta-
stability. The output from the synchronization register must then pass through an edge detector before it can be
used by the Transmitter and Receiver. This process introduces a two CPU clock period delay and therefore the
maximum external XCKn clock frequency is limited by the following equation:

Note that fosc depends on the stability of the system clock source. It is therefore recommended to add some margin
to avoid possible loss of data due to frequency variations.

Table 22-1. Equations for Calculating Baud Rate Register Setting

Operating Mode Equation for Calculating Baud Rate(1) Equation for Calculating UBRR Value

Asynchronous Normal mode
(U2Xn = 0)

Asynchronous Double Speed
mode (U2Xn = 1)

Synchronous Master mode

BAUD
fOSC

16 UBRRn 1+ 
------------------------------------------= UBRRn

fOSC
16BAUD
------------------------ 1–=

BAUD
fOSC

8 UBRRn 1+ 
---------------------------------------= UBRRn

fOSC
8BAUD
-------------------- 1–=

BAUD
fOSC

2 UBRRn 1+ 
---------------------------------------= UBRRn

fOSC
2BAUD
-------------------- 1–=

fXCK
fOSC
4
-----------
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22.3.4 Synchronous Clock Operation

When synchronous mode is used (UMSELn = 1), the XCKn pin will be used as either clock input (Slave) or clock
output (Master). The dependency between the clock edges and data sampling or data change is the same. The
basic principle is that data input (on RxDn) is sampled at the opposite XCKn clock edge of the edge the data output
(TxDn) is changed.

Figure 22-3. Synchronous Mode XCKn Timing.

The UCPOLn bit UCRSC selects which XCKn clock edge is used for data sampling and which is used for data
change. As Figure 22-3 shows, when UCPOLn is zero the data will be changed at rising XCKn edge and sampled
at falling XCKn edge. If UCPOLn is set, the data will be changed at falling XCKn edge and sampled at rising XCKn
edge.

22.4 Frame Formats

A serial frame is defined to be one character of data bits with synchronization bits (start and stop bits), and option-
ally a parity bit for error checking. The USART accepts all 30 combinations of the following as valid frame formats:

• 1 start bit

• 5, 6, 7, 8, or 9 data bits

• no, even or odd parity bit

• 1 or 2 stop bits

A frame starts with the start bit followed by the least significant data bit. Then the next data bits, up to a total of
nine, are succeeding, ending with the most significant bit. If enabled, the parity bit is inserted after the data bits,
before the stop bits. When a complete frame is transmitted, it can be directly followed by a new frame, or the com-
munication line can be set to an idle (high) state. Figure 22-4 illustrates the possible combinations of the frame
formats. Bits inside brackets are optional.

Figure 22-4. Frame Formats

St Start bit, always low.

(n) Data bits (0 to 8).

P Parity bit. Can be odd or even.

Sp Stop bit, always high.

IDLE No transfers on the communication line (RxDn or TxDn). An IDLE line must be high.

RxD / TxD

XCK

RxD / TxD

XCKUCPOL = 0

UCPOL = 1

Sample

Sample

10 2 3 4 [5] [6] [7] [8] [P]St Sp1 [Sp2] (St / IDLE)(IDLE)

FRAME
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The frame format used by the USART is set by the UCSZn2:0, UPMn1:0 and USBSn bits in UCSRnB and UCS-
RnC. The Receiver and Transmitter use the same setting. Note that changing the setting of any of these bits will
corrupt all ongoing communication for both the Receiver and Transmitter.

The USART Character SiZe (UCSZn2:0) bits select the number of data bits in the frame. The USART Parity mode
(UPMn1:0) bits enable and set the type of parity bit. The selection between one or two stop bits is done by the
USART Stop Bit Select (USBSn) bit. The Receiver ignores the second stop bit. An FE (Frame Error) will therefore
only be detected in the cases where the first stop bit is zero.

22.4.1 Parity Bit Calculation

The parity bit is calculated by doing an exclusive-or of all the data bits. If odd parity is used, the result of the exclu-
sive or is inverted. The parity bit is located between the last data bit and first stop bit of a serial frame. The relation
between the parity bit and data bits is as follows:

Peven Parity bit using even parity.

Podd Parity bit using odd parity.

dn Data bit n of the character.

22.5 USART Initialization

The USART has to be initialized before any communication can take place. The initialization process normally con-
sists of setting the baud rate, setting frame format and enabling the Transmitter or the Receiver depending on the
usage. For interrupt driven USART operation, the Global Interrupt Flag should be cleared (and interrupts globally
disabled) when doing the initialization.

Before doing a re-initialization with changed baud rate or frame format, be sure that there are no ongoing transmis-
sions during the period the registers are changed. The TXCn Flag can be used to check that the Transmitter has
completed all transfers, and the RXC Flag can be used to check that there are no unread data in the receive buffer.
Note that the TXCn Flag must be cleared before each transmission (before UDRn is written) if it is used for this
purpose.

The following simple USART initialization code examples show one assembly and one C function that are equal in
functionality. The examples assume asynchronous operation using polling (no interrupts enabled) and a fixed
frame format. The baud rate is given as a function parameter. For the assembly code, the baud rate parameter is
assumed to be stored in the r17:r16 Registers.

Peven dn 1–  d3 d2 d1 d0 0
Podd

     
dn 1–  d3 d2 d1 d0 1     

=
=
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22.10 Register Description

The following section describes the USART’s registers.

22.10.1 UDRn – USART I/O Data Register n

The USART Transmit Data Buffer Register and USART Receive Data Buffer Registers share the same I/O address
referred to as USART Data Register or UDRn. The Transmit Data Buffer Register (TXB) will be the destination for
data written to the UDRn Register location. Reading the UDRn Register location will return the contents of the
Receive Data Buffer Register (RXB).

For 5-bit, 6-bit, or 7-bit characters the upper unused bits will be ignored by the Transmitter and set to zero by the
Receiver.

The transmit buffer can only be written when the UDREn Flag in the UCSRnA Register is set. Data written to UDRn
when the UDREn Flag is not set, will be ignored by the USART Transmitter. When data is written to the transmit
buffer, and the Transmitter is enabled, the Transmitter will load the data into the Transmit Shift Register when the
Shift Register is empty. Then the data will be serially transmitted on the TxDn pin.

The receive buffer consists of a two level FIFO. The FIFO will change its state whenever the receive buffer is
accessed. Due to this behavior of the receive buffer, do not use Read-Modify-Write instructions (SBI and CBI) on
this location. Be careful when using bit test instructions (SBIC and SBIS), since these also will change the state of
the FIFO.

Bit 7 6 5 4 3 2 1 0

RXB[7:0] UDRn (Read)

TXB[7:0] UDRn (Write)

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0
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22.10.2 UCSRnA – USART Control and Status Register A

• Bit 7 – RXCn: USART Receive Complete

This flag bit is set when there are unread data in the receive buffer and cleared when the receive buffer is empty
(that is, does not contain any unread data). If the Receiver is disabled, the receive buffer will be flushed and conse-
quently the RXCn bit will become zero. The RXCn Flag can be used to generate a Receive Complete interrupt (see
description of the RXCIEn bit).

• Bit 6 – TXCn: USART Transmit Complete

This flag bit is set when the entire frame in the Transmit Shift Register has been shifted out and there are no new
data currently present in the transmit buffer (UDRn). The TXCn Flag bit is automatically cleared when a transmit
complete interrupt is executed, or it can be cleared by writing a one to its bit location. The TXCn Flag can generate
a Transmit Complete interrupt (see description of the TXCIEn bit).

• Bit 5 – UDREn: USART Data Register Empty

The UDREn Flag indicates if the transmit buffer (UDRn) is ready to receive new data. If UDREn is one, the buffer is
empty, and therefore ready to be written. The UDREn Flag can generate a Data Register Empty interrupt (see
description of the UDRIEn bit).

UDREn is set after a reset to indicate that the Transmitter is ready.

• Bit 4 – FEn: Frame Error

This bit is set if the next character in the receive buffer had a Frame Error when received, that is, when the first stop
bit of the next character in the receive buffer is zero. This bit is valid until the receive buffer (UDRn) is read. The
FEn bit is zero when the stop bit of received data is one. Always set this bit to zero when writing to UCSRnA.

• Bit 3 – DORn: Data OverRun

This bit is set if a Data OverRun condition is detected. A Data OverRun occurs when the receive buffer is full (two
characters), it is a new character waiting in the Receive Shift Register, and a new start bit is detected. This bit is
valid until the receive buffer (UDRn) is read. Always set this bit to zero when writing to UCSRnA.

• Bit 2 – UPEn: USART Parity Error

This bit is set if the next character in the receive buffer had a Parity Error when received and the Parity Checking
was enabled at that point (UPMn1 = 1). This bit is valid until the receive buffer (UDRn) is read. Always set this bit to
zero when writing to UCSRnA.

• Bit 1 – U2Xn: Double the USART Transmission Speed

This bit only has effect for the asynchronous operation. Write this bit to zero when using synchronous operation.

Writing this bit to one will reduce the divisor of the baud rate divider from 16 to 8 effectively doubling the transfer
rate for asynchronous communication.

• Bit 0 – MPCMn: Multi-processor Communication Mode

This bit enables the Multi-processor Communication mode. When the MPCMn bit is written to one, all the incoming
frames received by the USART Receiver that do not contain address information will be ignored. The Transmitter is
unaffected by the MPCMn setting. For more detailed information see “Multi-processor Communication Mode” on
page 216.

Bit 7 6 5 4 3 2 1 0

RXCn TXCn UDREn FEn DORn UPEn U2Xn MPCMn UCSRnA

Read/Write R R/W R R R R R/W R/W

Initial Value 0 0 1 0 0 0 0 0
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22.10.3 UCSRnB – USART Control and Status Register n B

• Bit 7 – RXCIEn: RX Complete Interrupt Enable n

Writing this bit to one enables interrupt on the RXCn Flag. A USART Receive Complete interrupt will be generated
only if the RXCIEn bit is written to one, the Global Interrupt Flag in SREG is written to one and the RXCn bit in
UCSRnA is set.

• Bit 6 – TXCIEn: TX Complete Interrupt Enable n

Writing this bit to one enables interrupt on the TXCn Flag. A USART Transmit Complete interrupt will be generated
only if the TXCIEn bit is written to one, the Global Interrupt Flag in SREG is written to one and the TXCn bit in UCS-
RnA is set.

• Bit 5 – UDRIEn: USART Data Register Empty Interrupt Enable n

Writing this bit to one enables interrupt on the UDREn Flag. A Data Register Empty interrupt will be generated only
if the UDRIEn bit is written to one, the Global Interrupt Flag in SREG is written to one and the UDREn bit in UCS-
RnA is set.

• Bit 4 – RXENn: Receiver Enable n

Writing this bit to one enables the USART Receiver. The Receiver will override normal port operation for the RxDn
pin when enabled. Disabling the Receiver will flush the receive buffer invalidating the FEn, DORn, and UPEn
Flags.

• Bit 3 – TXENn: Transmitter Enable n

Writing this bit to one enables the USART Transmitter. The Transmitter will override normal port operation for the
TxDn pin when enabled. The disabling of the Transmitter (writing TXENn to zero) will not become effective until
ongoing and pending transmissions are completed, that is, when the Transmit Shift Register and Transmit Buffer
Register do not contain data to be transmitted. When disabled, the Transmitter will no longer override the TxDn
port.

• Bit 2 – UCSZn2: Character Size n

The UCSZn2 bits combined with the UCSZn1:0 bit in UCSRnC sets the number of data bits (Character SiZe) in a
frame the Receiver and Transmitter use.

• Bit 1 – RXB8n: Receive Data Bit 8 n

RXB8n is the ninth data bit of the received character when operating with serial frames with nine data bits. Must be
read before reading the low bits from UDRn.

• Bit 0 – TXB8n: Transmit Data Bit 8 n

TXB8n is the ninth data bit in the character to be transmitted when operating with serial frames with nine data bits.
Must be written before writing the low bits to UDRn.

Bit 7 6 5 4 3 2 1 0

RXCIEn TXCIEn UDRIEn RXENn TXENn UCSZn2 RXB8n TXB8n UCSRnB

Read/Write R/W R/W R/W R/W R/W R/W R R/W

Initial Value 0 0 0 0 0 0 0 0
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22.10.4 UCSRnC – USART Control and Status Register n C

• Bits 7:6 – UMSELn1:0 USART Mode Select

These bits select the mode of operation of the USARTn as shown in Table 22-4.

Note: 1. See “USART in SPI Mode” on page 227 for full description of the Master SPI Mode (MSPIM) operation.

• Bits 5:4 – UPMn1:0: Parity Mode

These bits enable and set type of parity generation and check. If enabled, the Transmitter will automatically gener-
ate and send the parity of the transmitted data bits within each frame. The Receiver will generate a parity value for
the incoming data and compare it to the UPMn setting. If a mismatch is detected, the UPEn Flag in UCSRnA will be
set.

• Bit 3 – USBSn: Stop Bit Select

This bit selects the number of stop bits to be inserted by the Transmitter. The Receiver ignores this setting.

• Bit 2:1 – UCSZn1:0: Character Size

The UCSZn1:0 bits combined with the UCSZn2 bit in UCSRnB sets the number of data bits (Character SiZe) in a
frame the Receiver and Transmitter use.

Bit 7 6 5 4 3 2 1 0

UMSELn1 UMSELn0 UPMn1 UPMn0 USBSn UCSZn1 UCSZn0 UCPOLn UCSRnC

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 1 1 0

Table 22-4. UMSELn Bits Settings

UMSELn1 UMSELn0 Mode

0 0 Asynchronous USART

0 1 Synchronous USART

1 0 (Reserved)

1 1 Master SPI (MSPIM)(1)

Table 22-5. UPMn Bits Settings

UPMn1 UPMn0 Parity Mode

0 0 Disabled

0 1 Reserved

1 0 Enabled, Even Parity

1 1 Enabled, Odd Parity

Table 22-6. USBS Bit Settings

USBSn Stop Bit(s)

0 1-bit

1 2-bit
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• Bit 0 – UCPOLn: Clock Polarity

This bit is used for synchronous mode only. Write this bit to zero when asynchronous mode is used. The UCPOLn
bit sets the relationship between data output change and data input sample, and the synchronous clock (XCKn).

22.10.5 UBRRnL and UBRRnH – USART Baud Rate Registers

• Bit 15:12 – Reserved Bits

These bits are reserved for future use. For compatibility with future devices, these bit must be written to zero when
UBRRH is written.

• Bit 11:0 – UBRR11:0: USART Baud Rate Register

This is a 12-bit register which contains the USART baud rate. The UBRRH contains the four most significant bits,
and the UBRRL contains the eight least significant bits of the USART baud rate. Ongoing transmissions by the
Transmitter and Receiver will be corrupted if the baud rate is changed. Writing UBRRL will trigger an immediate
update of the baud rate prescaler.

Table 22-7. UCSZn Bits Settings

UCSZn2 UCSZn1 UCSZn0 Character Size

0 0 0 5-bit

0 0 1 6-bit

0 1 0 7-bit

0 1 1 8-bit

1 0 0 Reserved

1 0 1 Reserved

1 1 0 Reserved

1 1 1 9-bit

Table 22-8. UCPOLn Bit Settings

UCPOLn
Transmitted Data Changed
(Output of TxDn Pin)

Received Data Sampled
(Input on RxDn Pin)

0 Rising XCKn Edge Falling XCKn Edge

1 Falling XCKn Edge Rising XCKn Edge

Bit 15 14 13 12 11 10 9 8

– – – – UBRR[11:8] UBRRHn

UBRR[7:0] UBRRLn

7 6 5 4 3 2 1 0

Read/Write R R R R R/W R/W R/W R/W

R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
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22.11 Examples of Baud Rate Setting

For standard crystal and resonator frequencies, the most commonly used baud rates for asynchronous operation
can be generated by using the UBRR settings in Table 22-9 to Table 22-12 on page 226. UBRR values which yield
an actual baud rate differing less than 0.5% from the target baud rate, are bold in the table. Higher error ratings are
acceptable, but the Receiver will have less noise resistance when the error ratings are high, especially for large
serial frames (see “Asynchronous Operational Range” on page 215). The error values are calculated using the fol-
lowing equation:

Note: 1. UBRR = 0, Error = 0.0%

Error[%]
BaudRateClosest Match

BaudRate
-------------------------------------------------------- 1– 
  100%=

Table 22-9. Examples of UBRRn Settings for Commonly Used Oscillator Frequencies

Baud
Rate
[bps]

fosc = 1.0000MHz fosc = 1.8432MHz fosc = 2.0000MHz

U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1

UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error

2400 25 0.2% 51 0.2% 47 0.0% 95 0.0% 51 0.2% 103 0.2%

4800 12 0.2% 25 0.2% 23 0.0% 47 0.0% 25 0.2% 51 0.2%

9600 6 -7.0% 12 0.2% 11 0.0% 23 0.0% 12 0.2% 25 0.2%

14.4K 3 8.5% 8 -3.5% 7 0.0% 15 0.0% 8 -3.5% 16 2.1%

19.2K 2 8.5% 6 -7.0% 5 0.0% 11 0.0% 6 -7.0% 12 0.2%

28.8K 1 8.5% 3 8.5% 3 0.0% 7 0.0% 3 8.5% 8 -3.5%

38.4K 1 -18.6% 2 8.5% 2 0.0% 5 0.0% 2 8.5% 6 -7.0%

57.6K 0 8.5% 1 8.5% 1 0.0% 3 0.0% 1 8.5% 3 8.5%

76.8K – – 1 -18.6% 1 -25.0% 2 0.0% 1 -18.6% 2 8.5%

115.2K – – 0 8.5% 0 0.0% 1 0.0% 0 8.5% 1 8.5%

230.4K – – – – – – 0 0.0% – – – –

250K – – – – – – – – – – 0 0.0%

Max.(1) 62.5Kbps 125Kbps 115.2Kbps 230.4Kbps 125Kbps 250Kbps
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Note: 1. UBRR = 0, Error = 0.0%

Table 22-10. Examples of UBRRn Settings for Commonly Used Oscillator Frequencies

Baud
Rate
[bps]

fosc = 3.6864MHz fosc = 4.0000MHz fosc = 7.3728MHz

U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1

UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error

2400 95 0.0% 191 0.0% 103 0.2% 207 0.2% 191 0.0% 383 0.0%

4800 47 0.0% 95 0.0% 51 0.2% 103 0.2% 95 0.0% 191 0.0%

9600 23 0.0% 47 0.0% 25 0.2% 51 0.2% 47 0.0% 95 0.0%

14.4K 15 0.0% 31 0.0% 16 2.1% 34 -0.8% 31 0.0% 63 0.0%

19.2K 11 0.0% 23 0.0% 12 0.2% 25 0.2% 23 0.0% 47 0.0%

28.8K 7 0.0% 15 0.0% 8 -3.5% 16 2.1% 15 0.0% 31 0.0%

38.4K 5 0.0% 11 0.0% 6 -7.0% 12 0.2% 11 0.0% 23 0.0%

57.6K 3 0.0% 7 0.0% 3 8.5% 8 -3.5% 7 0.0% 15 0.0%

76.8K 2 0.0% 5 0.0% 2 8.5% 6 -7.0% 5 0.0% 11 0.0%

115.2K 1 0.0% 3 0.0% 1 8.5% 3 8.5% 3 0.0% 7 0.0%

230.4K 0 0.0% 1 0.0% 0 8.5% 1 8.5% 1 0.0% 3 0.0%

250K 0 -7.8% 1 -7.8% 0 0.0% 1 0.0% 1 -7.8% 3 -7.8%

0.5M – – 0 -7.8% – – 0 0.0% 0 -7.8% 1 -7.8%

1M – – – – – – – – – – 0 -7.8%

Max.(1) 230.4Kbps 460.8Kbps 250Kbps 0.5Mbps 460.8Kbps 921.6Kbps
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Note: 1. UBRR = 0, Error = 0.0%

Table 22-11. Examples of UBRRn Settings for Commonly Used Oscillator Frequencies

Baud
Rate
[bps]

fosc = 8.0000MHz fosc = 11.0592MHz fosc = 14.7456MHz

U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1

UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error

2400 207 0.2% 416 -0.1% 287 0.0% 575 0.0% 383 0.0% 767 0.0%

4800 103 0.2% 207 0.2% 143 0.0% 287 0.0% 191 0.0% 383 0.0%

9600 51 0.2% 103 0.2% 71 0.0% 143 0.0% 95 0.0% 191 0.0%

14.4K 34 -0.8% 68 0.6% 47 0.0% 95 0.0% 63 0.0% 127 0.0%

19.2K 25 0.2% 51 0.2% 35 0.0% 71 0.0% 47 0.0% 95 0.0%

28.8K 16 2.1% 34 -0.8% 23 0.0% 47 0.0% 31 0.0% 63 0.0%

38.4K 12 0.2% 25 0.2% 17 0.0% 35 0.0% 23 0.0% 47 0.0%

57.6K 8 -3.5% 16 2.1% 11 0.0% 23 0.0% 15 0.0% 31 0.0%

76.8K 6 -7.0% 12 0.2% 8 0.0% 17 0.0% 11 0.0% 23 0.0%

115.2K 3 8.5% 8 -3.5% 5 0.0% 11 0.0% 7 0.0% 15 0.0%

230.4K 1 8.5% 3 8.5% 2 0.0% 5 0.0% 3 0.0% 7 0.0%

250K 1 0.0% 3 0.0% 2 -7.8% 5 -7.8% 3 -7.8% 6 5.3%

0.5M 0 0.0% 1 0.0% – – 2 -7.8% 1 -7.8% 3 -7.8%

1M – – 0 0.0% – – – – 0 -7.8% 1 -7.8%

Max.(1) 0.5Mbps 1Mbps 691.2Kbps 1.3824Mbps 921.6Kbps 1.8432Mbps
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Note: 1. UBRR = 0, Error = 0.0%

Table 22-12. Examples of UBRRn Settings for Commonly Used Oscillator Frequencies

Baud
Rate
[bps]

fosc = 16.0000MHz fosc = 18.4320MHz fosc = 20.0000MHz

U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1 U2Xn = 0 U2Xn = 1

UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error UBRR Error

2400 416 -0.1% 832 0.0% 479 0.0% 959 0.0% 520 0.0% 1041 0.0%

4800 207 0.2% 416 -0.1% 239 0.0% 479 0.0% 259 0.2% 520 0.0%

9600 103 0.2% 207 0.2% 119 0.0% 239 0.0% 129 0.2% 259 0.2%

14.4K 68 0.6% 138 -0.1% 79 0.0% 159 0.0% 86 -0.2% 173 -0.2%

19.2K 51 0.2% 103 0.2% 59 0.0% 119 0.0% 64 0.2% 129 0.2%

28.8K 34 -0.8% 68 0.6% 39 0.0% 79 0.0% 42 0.9% 86 -0.2%

38.4K 25 0.2% 51 0.2% 29 0.0% 59 0.0% 32 -1.4% 64 0.2%

57.6K 16 2.1% 34 -0.8% 19 0.0% 39 0.0% 21 -1.4% 42 0.9%

76.8K 12 0.2% 25 0.2% 14 0.0% 29 0.0% 15 1.7% 32 -1.4%

115.2K 8 -3.5% 16 2.1% 9 0.0% 19 0.0% 10 -1.4% 21 -1.4%

230.4K 3 8.5% 8 -3.5% 4 0.0% 9 0.0% 4 8.5% 10 -1.4%

250K 3 0.0% 7 0.0% 4 -7.8% 8 2.4% 4 0.0% 9 0.0%

0.5M 1 0.0% 3 0.0% – – 4 -7.8% – – 4 0.0%

1M 0 0.0% 1 0.0% – – – – – – – –

Max.(1) 1Mbps 2Mbps 1.152Mbps 2.304Mbps 1.25Mbps 2.5Mbps


