° SAM G51G / SAM G51N
Altmel

Atmel | SMART ARM-based Flash MCU

DATASHEET

Description

The Atmel® | SMART™ SAM G51 series is a member of a family of Flash
microcontrollers based on the high-performance 32-bit ARM® Cortex®-M4 RISC
processor with Floating Point Unit. It operates at a maximum speed of 48 MHz
and features up to 256 Kbytes of Flash and up to 64 Kbytes of SRAM. The
peripheral set includes one USART, two UARTS, two I12C-bus interfaces (TWI),
one high-speed TWI, up to two SPIs, one three-channel general-purpose 16-bit
timer (TC), one RTT and one 8-channel 12-bit ADC.

The Atmel | SMART SAM G51 devices have two software-selectable low-power
modes: Sleep and Wait. In Sleep mode, the processor is stopped while all other
functions can be kept running. In Wait mode, all clocks and functions are stopped.

The Event System allows peripherals to receive, react to and send events in
Active and Sleep modes without processor intervention.

A general-purpose microcontroller with the best ratio in terms of reduced power
consumption, processing power and peripheral set, the SAM G51 series sustains
a wide range of applications including consumer, industrial control, and PC
peripherals.

The device operates from 1.7V to 2.0V and is available in a 49-ball WLCSP
package and a 100-lead LQFP package.
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Features

e Core
— ARM Cortex-M4 up to 48 MHz
—  Memory Protection Unit (MPU)
—  DSP Instructions
—  Floating Point Unit (FPU)
—  Thumb®-2 instruction set
e Memories
— 256 Kbytes embedded Flash
— 64 Kbytes embedded SRAM
e System
— Embedded voltage regulator for single-supply operation
—  Power-on reset (POR) and Watchdog for safe operation

—  Quartz or ceramic resonator oscillators: 3 to 20 MHz power with failure detection and 32.768 kHz for
RTT or device clock

— High-precision 8/16/24 MHz factory-trimmed internal RC oscillator. In-application trimming access for
frequency adjustment

—  Slow clock internal RC oscillator as permanent low-power mode device clock
—  PLL range from 24 MHz to 48 MHz for device clock
— Upto 18 Peripheral DMA Controller (PDC) channels
—  Eight 32-bit General-Purpose Backup Registers (GPBR)
— 16 external interrupt lines
e Power consumption in active mode
— 103 pA/MHz running Fibonacci on SRAM
e Low-power modes (typical value)
—  Wait mode 6.8 pA
—  Wake-up time from wait mode to active mode: 3.2 us
e Peripherals
— One USART with SPI Mode
—  Two 2-wire UARTs

—  Three Two-Wire Interface (TWI) modules featuring two fast mode TWI masters and one high-speed
TWI slave

—  One fast SPI at up to 24 Mbit/s

—  One three-channel 16-bit Timer/Counter (TC) with capture, waveform, compare and PWM modes
—  One 32-bit Real-time Timer (RTT)

—  One Real-time Clock (RTC)

— Upto 38 1/0 lines with external interrupt capability (edge or level sensitivity), debouncing, glitch
filtering and on-die Series Resistor Termination. Individually Programmable Open-drain, Pull-up and
pull-down resistor and Synchronous Output

—  Two up to 25-bit PIO Controllers

e Analog
—  One 8-channel 12-bit ADC, up to 600 ksps
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e Package
—  49-ball WLCSP
— 100-lead LQFP
e Industrial operating temperature range (-40 °C to +85 °C)

SAM G51G / SAM G51N [DATASHEET 3
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1. Configuration Summary
Table 1-1 summarizes the SAM G51 device configurations.
Table 1-1. Configuration Summary
Feature SAM G51G18 SAM G51N18
Flash 256 Kbytes 256 Kbytes
SRAM 64 Kbytes 64 Kbytes
Package WLCSP49 LQFP100
Number of PIOs 38 38
Event System Yes Yes
8 channels 8 channels
Performance: Performance:
12-bit ADC 600 ksps at 10-bit resolution 600 ksps at 10-bit resolution
150 ksps at 11-bit resolution 150 ksps at 11-bit resolution
37 ksps at 12-bit resolution 37 ksps at 12-bit resolution
16-bit Timer 3 channels 3 channels
PDC Channels 18 18
USART/UART 1/2 1/2
SPI 20 2W
TWI 2 masters 400 Kbit/s and 2 masters 400 Kbit/s and

1 slave 3.4 Mbit/s

1 slave 3.4 Mbit/s

Note: 1. One with SPI module + one USART configured in SPI mode.
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2. SAM G51 Block Diagram

Figure 2-1. SAM G51 Block Diagram
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Note: 1. The ROM is reserved for future use.
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3.  Signal Description

Table 3-1 gives details on the signal names classified by peripheral.

Table 3-1. Signal Description List
Active Voltage
Signal Name Function Type Level Reference Comments
Power Supplies
VDDIO ;’Zgﬂ:‘aetﬁ!SA'/D%Léle;érVggzgi Power - - 1.7V to 2.0V
VDDOUT Voltage Regulator Output Power - -
VDDCORE Core Chip Power Supply Power - - Connected externally to VDDOUT
GND Ground Ground - -
Clocks, Oscillators and PLLs

XIN Main Oscillator Input Input - VvVDDIO Reset state:
XOUT Main Oscillator Output Output - - - PIO input
XIN32 Slow Clock Oscillator Input Input - VDDIO - Internal pull-up disabled
XOUT32 Slow Clock Oscillator Output Output - - Schmitt Trigger enabled

Reset state:
PCKO-PCK2 Programmable Clock Output Output - - - PIO input

- Internal pull-up enabled

- Schmitt Trigger enabled

ICE and JTAG
TCK Test Clock Input - VDDIO No pull-up resistor
TDI Test Data In Input - VDDIO No pull-up resistor
TDO Test Data Out Output - VDDIO
TRACESWO Trace Asynchronous Data Out Output - VDDIO
SWDIO Serial Wire Input/Output 110 - VDDIO
SWCLK Serial Wire Clock Input - VDDIO
TMS Test Mode Select Input - VDDIO No pull-up resistor
JTAGSEL JTAG Selection Input High VDDIO Pull-down resistor
Flash Memory
ERASE E'&Z acr‘:mNnY:f]dconﬁgura“O” Bits Input High VDDIO | Pull-down (15 kQ) resistor
Reset/Test
NRST Microcontroller Reset 1/0 Low VDDIO Pull-up resistor
TST Test Mode Select Input - VDDIO Pull-down resistor
Universal Asynchronous Receiver Transceiver - UARTX

URXDx UART Receive Data Input - -
UTXDx UART Transmit Data Output - -
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Table 3-1. Signal Description List (Continued)
Active Voltage
Signal Name Function Type Level Reference Comments
PIO Controller - PIOA - PIOB
PAO-PA24 Parallel /0O Controller A I/0 - VDDIO Pulled-up input at reset
PBO-PB12 Parallel I/O Controller B I/0 - VDDIO Pulled-up input at reset
Wake-up Pins
WKUPO-15 Wake-up Pin / External Interrupt 110 - VDDIO g(atgfn‘;f’lmzzsgf used also as
Universal Synchronous Asynchronous Receiver Transmitter - USART
SCK USART Serial Clock I/0 - -
TXD USART Transmit Data I/0 - -
RXD USART Receive Data Input - -
RTS USART Request To Send Output - -
CTS USART Clear To Send Input - -
Timer/Counter - TC
TCLKx TC Channel x External Clock Input Input - -
TIOAX TC Channel x I/O Line A 1/0 - -
TIOBx TC Channel x I/O Line B I/0 - -
Serial Peripheral Interface - SPI
MISO Master In Slave Out I/O - -
MOSI Master Out Slave In I/10 - -
SPCK SPI Serial Clock 1/0 - - High Speed Pad
NPCSO SPI Peripheral Chip Select 0 I/0 Low -
NPCS1 SPI Peripheral Chip Select 1 Output Low -
Two-Wire Interface - TWIx
TWDx TWIx Two-wire Serial Data /0 - - High Speed Pad for TWDO
TWCKXx TWIx Two-wire Serial Clock 1/0 - - High Speed Pad for TWDCKO
12-bit Analog-to-Digital Converter - ADC
ADO-AD7 Analog Inputs Analog - -
ADTRG ADC Trigger Input - -
/ItmeL SAM G51G / SAM G51N [DATASHEET] 7




4.  Package and Pinout

Table 4-1. SAM G51 Packages

Device Package
SAM G51G18 WLCSP49
SAM G51N18 LQFP100

41  49-ball WLCSP Pinout

Table 4-2. SAM G51G18 49-ball WLCSP Pinout
Al PA9 B6 NRST D4 PB10 F2 PA19/AD2
A2 GND B7 PB12 D5 PA1 F3 PA17/ADO
A3 PA24 C1 VDDCORE D6 PAS F4 PA21
A4 PB8/XOUT c2 PA1l D7 VDDCORE F5 PA23
A5 PB9/XIN C3 PA12 El PB2/AD6 F6 PA16
A6 PB4 C4 PB6 E2 PBO/AD4 F7 PA8/XOUT32
A7 VDDIO C5 PA4 E3 PA18/AD1 Gl VDDIO
Bl PB11 C6 PA3 E4 PA14 G2 VDDOUT
B2 PBS c7 PAO ES PA10 G3 GND
B3 PB7 D1 PA13 E6 TST G4 VDDIO
B4 PA2 D2 PB3/AD7 E7 PA7/XIN32 G5 PA22
B5 JTAGSEL D3 PB1/AD5 F1 PA20/AD3 G6 PA15
- - - - - - G7 PAG

8 SAM G51G / SAM G51N [DATASHEET] Atmel
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4.2 100-lead LQFP Pinout

Table 4-3. SAM G51N18 100-lead Pinout

1 NC 26 NC 51 NC 76 NC

2 NC 27 NC 52 NC 77 NC

3 NC 28 PAG6 53 PA17 78 NC

4 NC 29 VDDIO 54 PA18 79 PA9
5 VDDIO 30 PA16 55 PA19 80 PBS
6 VDDIO 31 PA15 56 PA20 81 GND
7 NRST 32 PA23 57 PBO 82 GND
8 PB12 33 NC 58 PB1 83 GND
9 PA4 34 NC 59 PB2 84 PB6
10 PA3 35 PA22 60 PB3 85 PB7
11 PAO 36 PA21 61 VDDIO 86 PA24
12 PAl 37 VDDIO 62 PA14 87 PB8
13 PA5 38 VDDIO 63 PA13 88 PB9
14 VDDIO 39 GND 64 PA12 89 VDDIO
15 VDDCORE 40 GND 65 PAl11l 90 PA2
16 VDDCORE 41 GND 66 VDDCORE 91 PB4
17 TEST 42 GND 67 VDDCORE 92 PB4
18 PA7 43 GND 68 PB10 93 JTAGSEL
19 PA8 44 VDDOUT 69 PB11 94 VDDIO
20 GND 45 VDDOUT 70 GND 95 VDDIO
21 NC 46 VDDIO 71 GND 96 NC
22 NC 47 VDDIO 72 PA10 97 NC
23 NC 48 VDDIO 73 NC 98 NC
24 NC 49 NC 74 NC 99 NC
25 NC 50 NC 75 NC 100 NC

Note: NC = Not connected

SAM G51G / SAM G51N [DATASHEET 9
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Power Considerations

5.1

5.2

5.3

Power Supplies

The SAM G51 devices feature the following power supply pins:

VDDCORE pins: Power the core, including the processor, the embedded memories and the peripherals.
VDDCORE must be connected to VDDOUT.

VDDIO pins: Power the peripheral I/O lines, voltage regulator, ADC power supply; voltage ranges from 1.7V
to 2.0V for voltage regulator, ADC.

The ground pins GND are common to VDDCORE and VDDIO.

Voltage Regulator

The SAM G51 devices embed a core voltage regulator that is managed by the Supply Controller and that supplies
the Cortex-M4 core, internal memories (SRAM, ROM and Flash logic) and the peripherals. The voltage regulator
supplies up to 25 mA and features a quiescent current less than 1.3 pA. An internal adaptive biasing adjusts the
regulator quiescent current depending on the required load current.

For adequate input and output power supply decoupling/bypassing, refer to information provided on the
VDDCORE voltage regulator in the Electrical Characteristics section of the datasheet.

Typical Powering Schematics

The SAM G51 devices support a 1.7V-2.0V single supply mode. The internal regulator input is connected to the
source and its output feeds VDDCORE. Figure 5-1 shows the power schematics.

To achieve system performance, the internal regulator must be used.

Figure 5-1.

10
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54 Functional Modes

5.4.1 Active Mode

Active mode is the normal running mode with the core clock running from the fast RC oscillator, the main crystal
oscillator or the PLL. The power management controller can be used to adapt the frequency and to disable the
peripheral clocks.

5.4.2 Wait Mode

The purpose of Wait mode is to achieve very low power consumption while maintaining the entire device in a
powered state for a wake-up time of less than 5 ps. The wake-up time is achieved while the system is running from
the internal SRAM. The function allowing to enter and exit the Wait mode linked and executed in the internal
SRAM. If the wake-up function is executed in internal Flash, the wake-up time is 70 us (for C code running in
Flash, the number of wait states must be 0).

The current consumption in Wait mode is typically less than 10 pA (total current consumption). The clocks of the
core, the peripherals and memories are stopped. However, power supplies are still maintained, thus allowing
memory retention, CPU context saving and fast start-up. Wait mode is entered by setting the WAITMODE bit to 1
in the CKGR_MOR in conjunction with FLPM = 0 or FLPM = 1 bits of the PMC_FSMR. or by the Wait for Event
(WFE) instruction.

Note:

The WFE instruction can add complexity in application state machines. This is because the WFE instruction goes
along with an event flag of the Cortex processor (cannot be managed by the software application). The event flag can
be set by interrupts, a debug event or an event signal from another processor. Since an interrupt may take place just
before the execution of WFE, WFE takes into account events that happened in the past. As a result, WFE prevents the
device from entering Wait mode if an interrupt event has occurred. To work around this complexity, the WAITMODE bit
in the PMC Clock Generator Main Oscillator Register of the Power Management Controller (PMC) can be used.

The Cortex-M4 processor is able to handle external or internal events in order to wake up the core. This is done by
configuring the external lines WKUPO-15 as fast start-up wake-up pins (refer to Section 5.5 “Fast Start-up”) or the

RTC,

RTT alarms for internal events.

To enter Wait mode with WAITMODE bit:

Select the 8/16/24 MHz fast RC oscillator as Main Clock. If 24 MHz is selected and the C code runs on the
SRAM, wake-up time is less than 5 ps.

Set the FLPM field in the PMC Fast Start-up Mode Register (PMC_FSMR).

Set Flash Wait State to 0.

Set the WAITMODE bit = 1 in PMC Main Oscillator Register (CKGR_MOR).

Wait for Master Clock Ready MCKRDY = 1 in the PMC Status Register (PMC_SR).

To enter Wait mode with WFE:

Select the 8/16/24 MHz fast RC oscillator as Main Clock. If 24 MHz is selected and the C code runs on the
SRAM, wake-up time is less than 5 ps.

Set the FLPM field in the PMC Fast Start-up Mode Register (PMC_FSMR).
Set Flash Wait State to 0.

Set the LPM bit in the PMC Fast Startup Mode Register (PMC_FSMR).
Execute the Wait-For-Event (WFE) instruction of the processor.

In both cases, depending on the value of the field Flash Low Power Mode (FLPM), the Flash enters three different

modes:
e FLPM =0 in stand-by mode (Low power consumption)
e FLPM =1 in deep power-down mode (Extra-low power consumption)
e FLPM =2 inidle mode. Memory ready for read access.

Atmel
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5.4.3 Sleep Mode
The purpose of Sleep mode is to optimize power consumption of the device versus response time. In Sleep mode,
only the core clock is stopped. The peripheral clocks can be enabled. The current consumption in Sleep mode is
application-dependent.
Sleep mode is entered via Wait for Interrupt (WFI).
The processor can be awakened from an interrupt if the WFI instruction of the Cortex-M4 processor is used.
Table 5-1 summarizes the power consumption, wake-up time and system state in Wait and in Sleep modes.
Table 5-1. Low Power Mode Configuration Summary
SUPC,
32 kHz Osc.,, POR PIO State
RTC, RTT, | Supply Core, Potential While in | PIO State
POR, Monitor Memory, Wake-up Core at | Low Power at Consumption|Wake-up
Mode | Regulator |on VDDIO| Peripherals Mode Entry Sources Wake-up| Mode Wake-up @6 Time®
Wait WAITMODE =1 Any event from:
Mode +FLPM =1
Fast start-up
wiFlash Powered |or Clocked |Previous
in Deep ON OFF through Unchanged| <10 pA® |<5ps®
Power (Not clocked) \wFE + SLEEPDEEP = 0 |[WUP0-15 pins  |back state saved
Down +LPM=1 RTC alarm
Mode +FLPM =1 RTT alarm
WE Entry mode =
WEFI Interrupt .
®
Sleep ON ON Powered + SLEEPDEEP = 0 only: Clocked |Previous Unchanged @ @
Mode (Not clocked) back state saved
+LPM=0 Any enabled
interrupt
Notes: 1. When considering wake-up time, the time required to start the PLL is not taken into account. Once started, the device works
with the 8/16/24 MHz Fast RC oscillator. The user has to add the PLL wake-up time if it is needed in the system. The wake-
up time is defined as the time taken for wake-up until the first instruction is fetched.
2. The external loads on PIOs are not taken into account in the calculation.
3. BOD current consumption is not included.
4. Wake-up from RAM.
5. 10 pA is for typical conditions.
6. Depends on MCK frequency.
7. In this mode, the core is supplied and not clocked. Some peripherals can be clocked.
12 SAM G51G / SAM G51N [DATASHEET]
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5.5 Fast Start-up

The SAM G51 devices allow the processor to restart in a few microseconds while the processor is in Wait mode. A
fast start-up can occur upon detection of a low level on one of the 17 wake-up inputs.

The fast restart circuitry, as shown in Figure 5-2, is fully asynchronous and provides a fast start-up signal to the
Power Management Controller. As soon as the fast start-up signal is asserted, the PMC restarts from the last fast
RC selected (the embedded 24 MHz fast RC oscillator), switches the master clock on the last clock of RC oscillator
and reenables the processor clock. At wake-up of the Wait mode, the code is executed in the SRAM.

Figure 5-2. Fast Start-up Source
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6. Processor and Architecture

6.1 ARM Cortex-M4 Processor

Thumb-2 (ISA) subset consisting of all base Thumb-2 instructions, 16-bit and 32-bit
Harvard processor architecture enabling simultaneous instruction fetch with data load/store
Three-stage pipeline

Single-cycle 32-bit multiply

Hardware divide

Thumb and debug states

Handler and thread modes

Low-latency ISR entry and exit

Memory Protection Unit (MPU)

Floating Point Unit (FPU)

6.2 APB/AHB Bridge
The SAM G51 devices embed one peripheral bridge. The peripherals of the bridge are clocked by MCK.

6.3  Peripheral DMA Controller

The Peripheral DMA Controller handles transfer requests from the channel according to the priorities defined in the
following table (CHO is high priority).

Table 6-1. Peripheral DMA Controller
Instance Name Channel T/R Channel NR
MEM2MEM Transmit 17
SPI Transmit 16
TWI1 Transmit 15
TWI2 Transmit 14
UARTO Transmit 13
UART1 Transmit 12
USART Transmit 11
TWIO Transmit 10
MEM2MEM Receive 9
TCO:TC2 Receive 8
SPI Receive 7
TWIL1 Receive 6
TWI2 Receive 5
UARTO Receive 4
UART1 Receive 3
USART Receive 2
ADC Receive 1
TWIO Receive 0
i s o e o o 1301 Atmel



6.4 Debug and Test Features

Atmel

Debug access to all memories and registers in the system, including Cortex-M4 register bank when the core
is running, halted or in sleep state, or held in reset

Serial Wire Debug Port (SW-DP) and Serial Wire JTAG Debug Port (SWJ-DP) debug access

Flash Patch and Breakpoint (FPB) unit for implementing breakpoints and code patches

Data Watchpoint and Trace (DWT) unit for implementing watchpoints, data tracing, and system profiling
Instrumentation Trace Macrocell (ITM) for support of printf style debugging

IEEE1149.1 JTAG boundary scan on all digital pins

SAM G51G / SAM G51N [DATASHEET] 15
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Figure 6-1.

Product Mapping

SAM G51 Series Product Mapping
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16 SAM G51G / SAM G51N [DATASHEET]

Atmel-11209D-ATARM-SAM-G51G-SAMG-51N-Datasheet_19-Nov-14

System Controller
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7. Boot Loader

The SAM G51 devices ship with a factory-programmed boot loader in Flash. The Flash loader downloads code
either through the SPI or through the TWIO.

The Boot loader mode is entered automatically on power-up if no valid firmware is detected in the Flash. A valid
firmware is detected by performing a CRC on the content of the Flash. If the CRC is correct, the application is
started. Otherwise, the Boot loader mode is entered.

Alternatively, the Boot loader mode can be forced by applying low pulses on the NRST line. The NRST should be
asserted 10 times for a minimum of 1 ps at an interval less than 50 ms. When the boot loader detects this
sequence, it asserts the pin PAO1 (NCHG) low as an acknowledge.

The Boot loader mode initializes the TWIO in Slave Mode with the I12C address 0x26 and the SPI in Slave Mode, 8-
bit data length, SPI Mode 1.

Table 7-1 provides information on the pins used by the boot loader.

Table 7-1. Boot Loader Pin Description
Pin Name Function Boot Loader Use Description

PAO1 NCHG Driven at O or pulled up Boot loader handshake
PAO3 TWD Open drain input/output TWI/12C data line
PAO4 TWCK Open drain input/output TWI/12C clock
PA11 NPCSO0/NSS Input NSS, SPI slave select
PA12 MISO Push-pull output SPI master in slave out
PA13 MOSI Input SPI master out slave in
PA14 SPCK Input SPI clock

For further details on boot loader operations, refer to the application note AT09002: Atmel SAM 12C - SPI
Bootloader on www.atmel.com.
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Memories

Embedded Memories

Internal SRAM

The SAM G51 devices embed a total of 64 Kbytes of high-speed SRAM.

The SRAM is accessible over the Cortex-M4 bus at address 0x2000 0000.

The SRAM is in the bit band region. The bit band alias region is from 0x2200 0000 and 0x23FF FFFF.

Embedded Flash

Flash Overview

The memory is organized in sectors. Each sector comprises 64 Kbytes. The first sector of 64 Kbytes is divided into
three smaller sectors.

The three smaller sectors are composed of 2 sectors of 8 Kbytes and 1 sector of 48 Kbytes. Refer to Figure 8-1.

Figure 8-1. Global Flash Organization

Flash Organization

Sector size Sector name

8 Kbytes Small Sector 0

8 Kbytes Small Sector 1 Sector 0
48 Kbytes Larger Sector

64 Kbytes Sector 1

64 Kbytes Sector n

Each sector is organized in pages of 512 bytes.

For sector O:
e The smaller sector 0 has 16 pages of 512 bytes
e The smaller sector 1 has 16 pages of 512 bytes
e The larger sector has 96 pages of 512 bytes
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From sector 1 to n:
The rest of the array is composed of 64 Kbytes sectors of 128 pages of 512 bytes each. Refer to Figure 8-2.

Figure 8-2. Flash Sector Organization
Flash Sector Organization

A sector size is 64 Kbytes

16 pages of 512 bytes Smaller sector 0

Sector 0 16 pages of 512 bytes Smaller sector 1

96 pages of 512 bytes Larger sector

Sector n 128 pages of 512 bytes

The SAM G51 devices Flash size is 256 Kbytes. Refer to Figure 8-3 for the organization of the Flash.

Figure 8-3. Flash Size
Flash 256 Kbytes

2 * 8 Kbytes

1* 48 Kbytes

3* 64 Kbytes

The following erase commands can be used depending on the sector size:
e 8 Kbyte small sector
—  Erase and write page (EWP)
—  Erase and write page and lock (EWPL)
—  Erase sector (ES) with FARG set to a page number in the sector to erase

— Erase pages (EPA) with FARG [1:0] = 0 to erase four pages or FARG [1:0] = 1 for to erase eight pages.
FARG [1:0] = 2 and FARG [1:0] = 3 must not be used.

e 48 Kbyte and 64 Kbyte sectors
—  One block of 8 pages inside any sector, with the command Erase pages (EPA) with FARG[1:0] =1
— One block of 16 pages inside any sector, with the command Erase pages (EPA) and FARG[1:0] = 2
— One block of 32 pages inside any sector, with the command Erase pages (EPA) and FARG[1:0] = 3

—  One sector with the command Erase sector (ES) and FARG set to a page number in the sector to
erase

e Entire memory plane
—  The entire Flash, with the command Erase all (EA)
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The memory has one additional reprogrammable page that can be used as page signature by the user. It is
accessible through specific modes, for erase, write and read operations. Erase pin assertion will not erase the user
signature page.

8.1.2.2 Enhanced Embedded Flash Controller

The Enhanced Embedded Flash Controller manages accesses performed by the masters of the system. It enables
reading the Flash and writing the write buffer. It also contains a User Interface, mapped on the APB.

The Enhanced Embedded Flash Controller ensures the interface to the Flash block.
It manages the programming, erasing, locking and unlocking sequences of the Flash using a full set of commands.

One of the commands returns the embedded Flash descriptor definition that informs the system about the Flash
organization, thus making the software generic.

8.1.2.3 Flash Speed

The user must set the number of wait states depending on the frequency used:

For more detalils, refer to the AC characteristics in the Electrical Characteristics section.
8.1.2.4 Lock Regions

Several lock bits are used to protect write and erase operations on lock regions. A lock region is composed of
several consecutive pages, and each lock region has its associated lock bit.

Table 8-1. Lock Bit Number
Product Number of Lock Bits Lock Region Size
SAM G51 32 8 Kbytes

If a locked region’s erase or program command occurs, the command is aborted and the EEFC triggers an
interrupt.

The lock bits are software programmable through the EEFC User Interface. The command “Set Lock Bit” enables
the protection. The command “Clear Lock Bit” unlocks the lock region.

Asserting the ERASE pin clears the lock bits, thus unlocking the entire Flash.

8.1.2.5 Security Bit

The SAM G51 devices feature a security bit, based on a specific General Purpose NVM bit (GPNVM bit 0). When
the security is enabled, any access to the Flash, SRAM, core registers and internal peripherals either through the
ICE interface is forbidden. This ensures the confidentiality of the code programmed in the Flash.

This security bit can only be enabled, through the command “Set General Purpose NVM Bit 0” of the EEFC User
Interface. Disabling the security bit can only be achieved by asserting the ERASE pin at 1, and after a full Flash
erase is performed. When the security bit is deactivated, all accesses to the Flash, SRAM, core registers and
internal peripherals are permitted.

It is important to note that the assertion of the ERASE pin should always be longer than 200 ms.

As the ERASE pin integrates a permanent pull-down, it can be left unconnected during normal operation.
However, it is safer to connect it directly to GND for the final application.

8.1.2.6 Calibration Bits

The GPNVM bits are used to calibrate the POR, the voltage regulator and RC 8/16/24. These bits are factory
configured and cannot be changed by the user. The ERASE pin has no effect on the calibration bits.
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8.1.2.7 Unique Identifier

Each device integrates its own 128-bit unique identifier. These bits are factory-configured and cannot be changed
by the user. The ERASE pin has no effect on the unique identifier.

Some bytes of the user signature page are reserved for the trimming information of the 32 kHz RC Oscillator and
the internal regulator.

Bytes 48 and 49 are the measured frequency of the 32 kHz RC Oscillator with VDDIO from 1.7V to 2.5V.

8.1.2.8 User Signature

Each part contains a user signature of 512 bytes. It can be used by the user to store user information such as
trimming, keys, etc., that the customer does not want to be erased by asserting the ERASE pin or by software
ERASE command.

Read, write and erase of this area is allowed.

SAM G51G / SAM G51N [DATASHEET 21
Atmel [ ]

Atmel-11209D-ATARM-SAM-G51G-SAMG-51N-Datasheet_19-Nov-14



9.1

22

Peripherals

Peripheral Identifiers

Table 9-1 defines the peripheral identifiers of the SAM G51 devices. A peripheral identifier is required for the
control of the peripheral interrupts with the Nested Vectored Interrupt Controller and for the control of the
peripheral clock with the Power Management Controller. The external interrupts are connected to WKUP pins.

Table 9-1. Peripheral Identifiers
PMC

Instance ID Instance Name NVIC Interrupt Clock Control Instance Description
0 SUPC X — Supply Controller
1 RSTC X — Reset Controller
2 RTC X — Real Time Clock
3 RTT X — Real Time Timer
4 WDT X — Watchdog Timer
5 PMC X — Power Management Controller
6 EFC X — Enhanced Flash Controller
7 — — — Reserved
8 UARTO X X UART 0
9 UART1 X X UART 1
10 — — — Reserved
11 PIOA X X Parallel I/O Controller A
12 PIOB X X Parallel I/O Controller B
13 — — — Reserved
14 USART X X USART
15 MEM2MEM X X MEM2MEM
16 — — — Reserved
17 — — — Reserved
18 — — — Reserved
19 TWIO X X Two-Wire Interface 0 HS
20 TWI1 X X Two-Wire Interface 1
21 SPI X X Serial Peripheral Interface
22 TWI2 X X Two Wire Interface 2
23 TCO X X Timer/Counter O
24 TC1 X X Timer/Counter 1
25 TC2 X X Timer/Counter 2
26 — — — Reserved
27 — — — Reserved
28 — — — Reserved
29 ADC X X Analog-to-Digital Converter
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Table 9-1. Peripheral Identifiers (Continued)
PMC

Instance ID Instance Name NVIC Interrupt Clock Control Instance Description
30 ARM X — FPU
31 WKUPO X — External interrupt O
32 WKUP1 X — External interrupt 1
33 WKUP2 X — External interrupt 2
34 WKUP3 X — External interrupt 3
35 WKUP4 X — External interrupt 4
36 WKUP5 X — External interrupt 5
37 WKUP6 X — External interrupt 6
38 WKUP7 X — External interrupt 7
39 WKUP8 X — External interrupt 8
40 WKUP9 X — External interrupt 9
41 WKUP10 X — External interrupt 10
42 WKUP11 X — External interrupt 11
43 WKUP12 X — External interrupt 12
44 WKUP13 X — External interrupt 13
45 WKUP14 X — External interrupt 14
46 WKUP15 X — External interrupt 15
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9.2 Peripherals Signals Multiplexing on I/O Lines

The SAM G51 devices feature two PIO (49-ball) controllers, PIOA and PIOB, which multiplex the 1/O lines of the
peripherals set.

Each line can be assigned to one of two peripheral functions: A or B. The multiplexing tables in the following
paragraphs define how the I/O lines of the peripherals A and B are multiplexed on the PIO controllers.

Note that some peripheral functions, which are output only, may be duplicated within both tables.

9.2.1 PIO Controller A Multiplexing

Table 9-2. Multiplexing on PIO Controller A (PIOA)

I/O Line Peripheral A Peripheral B Extra Function System Function
PAO — TIOAO WKUPO —
PA1 — TIOBO WKUP1 —
PA2 TCLKO — WKUP2 —
PA3 TWDO — — —
PA4 TWCKO — — —
PA5 RXD — WKUP4 —
PA6 TXD PCKO — —
PA7 — — — XIN32
PA8 — ADTRG WKUP5 XOUT32
PA9 URXDO NPCS1 WKUPG6 —
PA10 UTXDO — — —
PA11 NPCSO — WKUP7 —
PA12 MISO — — —
PA13 MOSI — — —
PA14 SPCK — WKUPS8 —
PA15 RTS® SCK — —
PA16 CTS TIOB1 — —
PA17 — PCK1 ADO —
PA18 — PCK2 AD1 —
PA19 TCLK1 — AD2 —
PA20 TCLK2 — AD3 —
PA21 TIOA2 PCK1 WKUP9 —
PA22 TIOB2 — WKUP10 —
PA23 — TIOAl WKUP3 —
PA24 — — WKUP11 —

Note: 1. In USART SPI Master mode, RTS cannot be used. Management of the Slave Select (NSS) must be done with a
GPIO.
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9.2.2 PIO Controller B Multiplexing

Table 9-3. Multiplexing on PIO Controller B (PIOB)

I/0 Line Peripheral A Peripheral B Extra Function System Function
PBO — TWD2 AD4 —
PB1 — TWCK2 AD5 —
PB2 URXD1 NPCS1 AD6/WKUP12 —
PB3 UTXD1 PCK2 AD7/WKUP13 —
PB4 — — — TDI
PB5 — — — TDO/ TRACESWO
PB6 — — — TMS/SWDIO
PB7 — — — TCK/SWCLK
PB8 TWD1 — WKUP14 XOouT
PB9 TWCK1 — WKUP15 XIN
PB10 TwD1® TwD2® —
PB11 TWCK1® TWCK2®W —
PB12 — — — ERASE

Note: 1. Each TWI (TWI1, TWI2) can be routed on two different pairs of |0s. TWI1 and TWI2 share one pair of I0s (PB10
and PB11). The configuration of the shared IOs determine which TWI is selected.

9.2.2.1 TWI Muxing on PB10 and PB11

The selection of the TWI used in PB10 and PB11 is determined by the configuration of PB10 and PB11. Three
modes are possible: normal mode, alternative mode TWI1 and alternative mode TWI2.
Normal mode is:
e TWI1 only used: PB09 and PB08 must be configured as PIO Peripheral A
e TWI2 only used: PB00 and PB0O1 must be configured as PIO Peripheral B
e TWI1 and TWI2 used: PB09 and PB08 must be configured as PIO Peripheral A and PB0O0 and PB0O1 must
be configured as PIO Peripheral B
Alternative mode TWI1 is:
e TWI1is muxing on PB10 and PB11: PB10 and PB11 must be configured as PIO Peripheral A. PB8 and PB9
can be configured as GPIO, WKUP pin or XIN, XOUT. PB8 and PB9 cannot be used as peripherals
Alternative mode TWI2 is:

e TWI2is muxing on PB10 and PB11: PB10 and PB11 must be configured as PIO Peripheral B. PBO and PB1
can be configured as GPIO, analog input. PBO and PB1 cannot be used as peripherals

Alternative Mode TWI1 example:

PB10 is driven by TWDL1 signal if the PB10 is configured as peripheral (PIO_PSR[10]=1 and
PIO_ABCDSR1[10]=PIO_ABCDSR2[10]=0).

PB11 is driven by TWCKU1 signal if the PB11 is configured as peripheral (PIO_PSR[11]=1 and
PIO_ABCDSR1[11]=PIO_ABCDSR2[11]=0).
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Table 9-4. TWI Multiplexing
PI1O Configuration
Requirement Configuration | Configuration
Configuration of PB10 of PB11 PBO PB1 PB8 PB9 PB10 PB11
Normal Mode Enable Enable
TWI1 and/or TWI2 TWD2 TWCK2 TWD1 TWCK1 GPIO GPIO
PIO_PER[10] | PIO_PER[11]
Used
GPIO or
| . 4 Config PB10 Config PB11 ) GPIO or
A tem?g\‘/’li Mode | asPeripheral | asPeripheral | TwD2 | Twck2 | WKUPPIN | \ip gin | TwD1 | Tweki
A A or &)
XOUT® or XIN
GPIO
. Config PB10 Config PB10 GPIO or or
Alternative Mode . f
as Peripheral as Peripheral AD TWD1 TWCK1 TWD2 | TWCK2
w2 B B mput | AP
P Input®
Note: 1. Configuration of PBx can be done after the configuration of PB10 and PB11.
Figure 9-1. TWI Master PIO Muxing Selection
Mux Selection
(PIO_ABCDSR1/2)
4 PB8
TWI1
] PB9
LA N
B PB10
»K
B PB11
)/
® PBO
TWI2 l
PB1
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10. Real-Time Event Management

The events generated by peripherals are designed to be directly routed to peripherals managing/using these
events without processor intervention. Peripherals receiving events contain logic by which to select the one
required.

10.1 Embedded Characteristics

e Timers, 10s and RTC peripherals generate event triggers which are directly routed to event managers, such
as the ADC, to start measurement/conversion without processor intervention.

e UART, USART, SPI, TWI and ADC also generate event triggers directly connected to the Peripheral DMA
Controller (PDC) for data transfer without processor intervention.

e PMC security events (clock failure detection) can be programmed to switch the MCK on a reliable main RC
internal clock without processor intervention.

10.2 Real-Time Event Mapping

Table 10-1. Real-time Event Mapping List

Event Generator Event Manager Function
10 (WKUPO/1) General Purpose Backup Register Security / Inmediate GPBR clear (asynchronous) on tamper
(GPBR) detection through WKUPO/1 IO pins
Power Management PMC Safety / Automatic switch to reliable main RC oscillator in case
Controller (PMC) of main crystal clock failure
. Trigger for measurement.
10 (ADTRG) Analog-to-Digital Converter (ADC) o
Selection in ADC module.
Trigger for measurement.
TC Output O ADC o
Selection in ADC module.
Trigger for measurement.
TC Output 1 ADC o
Selection in ADC module.
Trigger for measurement.
TC Output 2 ADC o
Selection in ADC module.
Trigger for measurement.
RTCOUTO ADC o
Selection in ADC module.
Trigger for measurement.
RTCOUT1 ADC o
Selection in ADC module.
Trigger for measurement.
RTTINC ADC o
Selection in ADC module.
UART PDC Triggers 1 word transfer
USART PDC Triggers 1 word transfer
TWIO/1/2 PDC Triggers 1 word transfer
ADC PDC Triggers 1 word transfer
Timer Counter PDC Triggers 1 word transfer
SPI PDC Triggers 1 word transfer
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11. ARM Cortex-M4 Processor

11.1 Description

The Cortex-M4 processor is a high performance 32-bit processor designed for the microcontroller market. It offers
significant benefits to developers, including outstanding processing performance combined with fast interrupt
handling, enhanced system debug with extensive breakpoint and trace capabilities, efficient processor core,
system and memories, ultra-low power consumption with integrated sleep modes, and platform security
robustness, with integrated memory protection unit (MPU).

The Cortex-M4 processor is built on a high-performance processor core, with a 3-stage pipeline Harvard
architecture, making it ideal for demanding embedded applications. The processor delivers exceptional power
efficiency through an efficient instruction set and extensively optimized design, providing high-end processing
hardware including IEEE754-compliant single-precision floating-point computation, a range of single-cycle and
SIMD multiplication and multiply-with-accumulate capabilities, saturating arithmetic and dedicated hardware
division.

To facilitate the design of cost-sensitive devices, the Cortex-M4 processor implements tightly-coupled system
components that reduce processor area while significantly improving interrupt handling and system debug
capabilities. The Cortex-M4 processor implements a version of the Thumb® instruction set based on Thumb-2
technology, ensuring high code density and reduced program memory requirements. The Cortex-M4 instruction
set provides the exceptional performance expected of a modern 32-bit architecture, with the high code density of
8-bit and 16-bit microcontrollers.

The Cortex-M4 processor closely integrates a configurable NVIC, to deliver industry-leading interrupt
performance. The NVIC includes a non-maskable interrupt (NMI), and provides up to 256 interrupt priority levels.
The tight integration of the processor core and NVIC provides fast execution of interrupt service routines (ISRs),
dramatically reducing the interrupt latency. This is achieved through the hardware stacking of registers, and the
ability to suspend load-multiple and store-multiple operations. Interrupt handlers do not require wrapping in
assembler code, removing any code overhead from the ISRs. A tail-chain optimization also significantly reduces
the overhead when switching from one ISR to another.

To optimize low-power designs, the NVIC integrates with the sleep modes, that include a deep sleep function that
enables the entire device to be rapidly powered down while still retaining program state.

11.1.1 System Level Interface

The Cortex-M4 processor provides multiple interfaces using AMBA® technology to provide high speed, low latency
memory accesses. It supports unaligned data accesses and implements atomic bit manipulation that enables
faster peripheral controls, system spinlocks and thread-safe Boolean data handling.

The Cortex-M4 processor has a Memory Protection Unit (MPU) that provides fine grain memory control, enabling
applications to utilize multiple privilege levels, separating and protecting code, data and stack on a task-by-task
basis. Such requirements are becoming critical in many embedded applications such as automotive.

11.1.2 Integrated Configurable Debug

The Cortex-M4 processor implements a complete hardware debug solution. This provides high system visibility of
the processor and memory through either a traditional JTAG port or a 2-pin Serial Wire Debug (SWD) port that is
ideal for microcontrollers and other small package devices.

For system trace the processor integrates an Instrumentation Trace Macrocell (ITM) alongside data watchpoints
and a profiling unit. To enable simple and cost-effective profiling of the system events these generate, a Serial
Wire Viewer (SWV) can export a stream of software-generated messages, data trace, and profiling information
through a single pin.
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The Flash Patch and Breakpoint Unit (FPB) provides up to eight hardware breakpoint comparators that debuggers
can use. The comparators in the FPB also provide remap functions of up to eight words in the program code in the
CODE memory region. This enables applications stored on a non-erasable, ROM-based microcontroller to be
patched if a small programmable memory, for example flash, is available in the device. During initialization, the
application in ROM detects, from the programmable memory, whether a patch is required. If a patch is required,
the application programs the FPB to remap a number of addresses. When those addresses are accessed, the
accesses are redirected to a remap table specified in the FPB configuration, which means the program in the non-
modifiable ROM can be patched.

11.2 Embedded Characteristics

Tight integration of system peripherals reduces area and development costs
Thumb instruction set combines high code density with 32-bit performance
IEEE754-compliant single-precision FPU

Code-patch ability for ROM system updates

Power control optimization of system components

Integrated sleep modes for low power consumption

Fast code execution permits slower processor clock or increases sleep mode time
Hardware division and fast digital-signal-processing oriented multiply accumulate
Saturating arithmetic for signal processing

Deterministic, high-performance interrupt handling for time-critical applications
Memory Protection Unit (MPU) for safety-critical applications

Extensive debug and trace capabilities:

—  Serial Wire Debug and Serial Wire Trace reduce the number of pins required for debugging, tracing,
and code profiling.

11.3 Block Diagram

Figure 11-1. Typical Cortex-M4F Implementation

Cortex-M4F
Processor FPU
NVIC [€P
Processor
Core
Debug Memo Serial
4——» Access ory Wire P
Port Protection Unit Viewer
Flash Data
Patch Watchpoints|
Bus Matrix
Code SRAM and
Interface Peripheral Interface
A A
v v
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11.4 Cortex-M4 Models

11.4.1 Programmers Model

This section describes the Cortex-M4 programmers model. In addition to the individual core register descriptions, it
contains information about the processor modes and privilege levels for software execution and stacks.

11.4.1.1 Processor Modes and Privilege Levels for Software Execution

The processor modes are:

e Thread mode
Used to execute application software. The processor enters the Thread mode when it comes out of reset.

e Handler mode
Used to handle exceptions. The processor returns to the Thread mode when it has finished exception
processing.
The privilege levels for software execution are:
e Unprivileged
The software:
— Has limited access to the MSR and MRS instructions, and cannot use the CPS instruction
—  Cannot access the System Timer, NVIC, or System Control Block
—  Might have a restricted access to memory or peripherals.
Unprivileged software executes at the unprivileged level.
e Privileged
The software can use all the instructions and has access to all resources. Privileged software executes at
the privileged level.

In Thread mode, the Control Register controls whether the software execution is privileged or unprivileged, see
“Control Register” . In Handler mode, software execution is always privileged.

Only privileged software can write to the Control Register to change the privilege level for software execution in
Thread mode. Unprivileged software can use the SVC instruction to make a supervisor call to transfer control to
privileged software.

11.4.1.2 Stacks

The processor uses a full descending stack. This means the stack pointer holds the address of the last stacked
item in memory When the processor pushes a new item onto the stack, it decrements the stack pointer and then
writes the item to the new memory location. The processor implements two stacks, the main stack and the process
stack, with a pointer for each held in independent registers, see “Stack Pointer” .

In Thread mode, the Control Register controls whether the processor uses the main stack or the process stack,
see “Control Register” .

In Handler mode, the processor always uses the main stack.
The options for processor operations are:

Table 11-1. Summary of processor mode, execution privilege level, and stack use options

Processor Privilege Level for

Mode Used to Execute Software Execution Stack Used

Thread Applications Privileged or unprivileged® | Main stack or process stack®
Handler Exception handlers Always privileged Main stack

Note: 1. See “Control Register”.
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11.4.1.3 Core Registers

Figure 11-2. Processor Core Registers
e N
RO
R1
R2
R3
Low registers
R4
R5
R6 General-purpose registers
R7
>_
R8
R9
High registers R10
R11
R12
i N— —
Stack Pointer SP (R13) PsP* || wmspP* *Banked version of SP
Link Register LR (R14)
Program Counter PC (R15)
PSR Program status register
PRIMASK
FAULTMASK Exception mask registers Special registers
BASEPRI
CONTROL CONTROL register
Table 11-2. Core Processor Registers
Register Name Access® Required Privilege® Reset
General-purpose registers RO-R12 Read/Write Either Unknown
Stack Pointer MSP Read/Write Privileged See description
Stack Pointer PSP Read/Write Either Unknown
Link Register LR Read/Write Either OXFFFFFFFF
Program Counter PC Read/Write Either See description
Program Status Register PSR Read/Write Privileged 0x01000000
Application Program Status Register APSR Read/Write Either 0x00000000
Interrupt Program Status Register IPSR Read-only Privileged 0x00000000
Execution Program Status Register EPSR Read-only Privileged 0x01000000
Priority Mask Register PRIMASK Read/Write Privileged 0x00000000
Fault Mask Register FAULTMASK Read/Write Privileged 0x00000000
Base Priority Mask Register BASEPRI Read/Write Privileged 0x00000000
Control Register CONTROL Read/Write Privileged 0x00000000

Notes:

2. An entry of Either means privileged and unprivileged software can access the register.

Atmel
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11.4.1.4 General-purpose Registers
RO0-R12 are 32-bit general-purpose registers for data operations.

11.4.1.5 Stack Pointer

The Stack Pointer (SP) is register R13. In Thread mode, bit[1] of the Control Register indicates the stack pointer to
use:

e 0= Main Stack Pointer (MSP). This is the reset value.
e 1= Process Stack Pointer (PSP).

On reset, the processor loads the MSP with the value from address 0x00000000.

11.4.1.6 Link Register
The Link Register (LR) is register R14. It stores the return information for subroutines, function calls, and
exceptions. On reset, the processor loads the LR value OXFFFFFFFF.

11.4.1.7 Program Counter

The Program Counter (PC) is register R15. It contains the current program address. On reset, the processor loads
the PC with the value of the reset vector, which is at address 0x00000004. Bit[0] of the value is loaded into the
EPSR T-bit at reset and must be 1.
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11.4.1.8 Program Status Register

Name: PSR

Access: Read/Write

Reset: 0x000000000
31 30 29 28 27 26 25 24

| N | Z | C \Y | Q | ICIIT T |
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8

| ICIIT - ISR_NUMBER |
7 6 5 4 3 2 1 0

| ISR_NUMBER |

The Program Status Register (PSR) combines:

* Application Program Status Register (APSR)

* Interrupt Program Status Register (IPSR)
» Execution Program Status Register (EPSR).

These registers are mutually exclusive bitfields in the 32-bit PSR.

The PSR accesses these registers individually or as a combination of any two or all three registers, using the register
name as an argument to the MSR or MRS instructions. For example:

* Read of all the registers using PSR with the MRS instruction
» Write to the APSR N, Z, C, V and Q bits using APSR_nzcvg with the MSR instruction.

The PSR combinations and attributes are:

Name Access Combination

PSR Read/Write™® APSR, EPSR, and IPSR
IEPSR Read-only EPSR and IPSR

IAPSR Read/Write™ APSR and IPSR
EAPSR Read/Write®® APSR and EPSR

Notes: 1. The processor ignores writes to the IPSR bits.
2. Reads of the EPSR bits return zero, and the processor ignores writes to these bits.

See the instruction descriptions “MRS” and “MSR” for more information about how to access the program status registers.

Atmel
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11.4.1.9 Application Program Status Register

Name: APSR

Access: Read/Write

Reset: 0x000000000
31 30 29 28 27 26 25 24

I N I z I S v I Q I - |
23 22 21 20 19 18 17 16

| - | GE[3:0] |
15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0

The APSR contains the current state of the condition flags from previous instruction executions.

* N: Negative Flag
0: Operation result was positive, zero, greater than, or equal
1: Operation result was negative or less than.

e Z: Zero Flag
0: Operation result was not zero
1: Operation result was zero.

e C: Carry or Borrow Flag

Carry or borrow flag:

0: Add operation did not result in a carry bit or subtract operation resulted in a borrow bit
1: Add operation resulted in a carry bit or subtract operation did not result in a borrow bit.

* V: Overflow Flag
0: Operation did not result in an overflow
1: Operation resulted in an overflow.

¢ Q: DSP Overflow and Saturation Flag

Sticky saturation flag:

0: Indicates that saturation has not occurred since reset or since the bit was last cleared to zero
1: Indicates when an SSAT or USAT instruction results in saturation.

This bit is cleared to zero by software using an MRS instruction.

* GE[19:16]: Greater Than or Equal Flags
See “SEL” for more information.
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11.4.1.10 Interrupt Program Status Register

Name: IPSR
Access: Read/Write
Reset: 0x000000000
31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8
| - ISR_NUMBER |
7 6 5 4 3 2 1 0

| ISR_NUMBER |

The IPSR contains the exception type number of the current Interrupt Service Routine (ISR).

* ISR_NUMBER: Number of the Current Exception
0 = Thread mode

1 = Reserved

2 =NMI

3 = Hard fault

4 = Memory management fault
5 = Bus fault

6 = Usage fault

7-10 = Reserved

11 = SVCall

12 = Reserved for Debug

13 = Reserved

14 = PendSV

15 = SysTick

16 = IRQO

61 = IRQ46

See “Exception Types” for more information.
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11.4.1.11  Execution Program Status Register

Name: EPSR

Access: Read/Write

Reset: 0x000000000
31 30 29 28 27 26 25 24

| - ICIIT T |
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8

| ICIUIT - |

7 6 5 4 3 2 1 0

The EPSR contains the Thumb state bit, and the execution state bits for either the If-Then (IT) instruction, or the Interrupt-
ible-Continuable Instruction (ICI) field for an interrupted load multiple or store multiple instruction.

Attempts to read the EPSR directly through application software using the MSR instruction always return zero. Attempts to
write the EPSR using the MSR instruction in the application software are ignored. Fault handlers can examine the EPSR
value in the stacked PSR to indicate the operation that is at fault. See “Exception Entry and Return” .

* ICI: Interruptible-continuable Instruction

When an interrupt occurs during the execution of an LDM, STM, PUSH, POP, VLDM, VSTM, VPUSH, or VPOP instruction,
the processor:

— Stops the load multiple or store multiple instruction operation temporarily

— Stores the next register operand in the multiple operation to EPSR bits[15:12].
After servicing the interrupt, the processor:

— Returns to the register pointed to by bits[15:12]

— Resumes the execution of the multiple load or store instruction.
When the EPSR holds the ICI execution state, bits[26:25,11:10] are zero.

e |T: If-Then Instruction
Indicates the execution state bits of the IT instruction.

The If-Then block contains up to four instructions following an IT instruction. Each instruction in the block is conditional.
The conditions for the instructions are either all the same, or some can be the inverse of others. See “IT” for more
information.

e T. Thumb State

The Cortex-M4 processor only supports the execution of instructions in Thumb state. The following can clear the T bit to O:
— Instructions BLX, BX and POP{PC}
— Restoration from the stacked xPSR value on an exception return
— Bit[0] of the vector value on an exception entry or reset.

Attempting to execute instructions when the T bit is O results in a fault or lockup. See “Lockup” for more information.
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11.4.1.12 Exception Mask Registers
The exception mask registers disable the handling of exceptions by the processor. Disable exceptions where they
might impact on timing critical tasks.
To access the exception mask registers use the MSR and MRS instructions, or the CPS instruction to change the
value of PRIMASK or FAULTMASK. See “MRS” , “MSR” , and “CPS” for more information.
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11.4.1.13 Priority Mask Register

Name: PRIMASK
Access: Read/Write
Reset: 0x000000000
31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0

| - PRIMASK |

The PRIMASK register prevents the activation of all exceptions with a configurable priority.

¢ PRIMASK
0: No effect
1: Prevents the activation of all exceptions with a configurable priority.
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11.4.1.14 Fault Mask Register

Name: FAULTMASK
Access: Read/Write
Reset: 0x000000000
31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0

| - | FAULTMASK |

The FAULTMASK register prevents the activation of all exceptions except for Non-Maskable Interrupt (NMI).

*+ FAULTMASK

0: No effect.

1: Prevents the activation of all exceptions except for NMI.

The processor clears the FAULTMASK bit to 0 on exit from any exception handler except the NMI handler.
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11.4.1.15 Base Priority Mask Register

Name: BASEPRI
Access: Read/Write
Reset: 0x000000000
31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0

| BASEPRI |

The BASEPRI register defines the minimum priority for exception processing. When BASEPRI is set to a nonzero value, it
prevents the activation of all exceptions with same or lower priority level as the BASEPRI value.

* BASEPRI

Priority mask bits:

0x0000: No effect

Nonzero: Defines the base priority for exception processing

The processor does not process any exception with a priority value greater than or equal to BASEPRI.

This field is similar to the priority fields in the interrupt priority registers. The processor implements only bits[7:4] of this
field, bits[3:0] read as zero and ignore writes. See “Interrupt Priority Registers” for more information. Remember that
higher priority field values correspond to lower exception priorities.
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11.4.1.16 Control Register

Name: CONTROL
Access: Read/Write
Reset: 0x000000000
31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16
15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0

| - | FPCA | SPSEL | nPRIV |

The Control Register controls the stack used and the privilege level for software execution when the processor is in Thread
mode and indicates whether the FPU state is active.

* FPCA: Floating-point Context Active

Indicates whether the floating-point context is currently active:
0: No floating-point context active.

1: Floating-point context active.

The Cortex-M4 uses this bit to determine whether to preserve the floating-point state when processing an exception.

e« SPSEL: Active Stack Pointer
Defines the current stack:

0: MSP is the current stack pointer.
1. PSP is the current stack pointer.

In Handler mode, this bit reads as zero and ignores writes. The Cortex-M4 updates this bit automatically on exception
return.

* nPRIV: Thread Mode Privilege Level
Defines the Thread mode privilege level:
0: Privileged.

1: Unprivileged.

Handler mode always uses the MSP, so the processor ignores explicit writes to the active stack pointer bit of the Control
Register when in Handler mode. The exception entry and return mechanisms update the Control Register based on the
EXC_RETURN value.

In an OS environment, ARM recommends that threads running in Thread mode use the process stack, and the kernel and
exception handlers use the main stack.

By default, the Thread mode uses the MSP. To switch the stack pointer used in Thread mode to the PSP, either:
* Use the MSR instruction to set the Active stack pointer bit to 1, see “MSR” , or
 Perform an exception return to Thread mode with the appropriate EXC_RETURN value, see Table 11-10.
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Note: When changing the stack pointer, the software must use an ISB instruction immediately after the MSR instruction. This ensures
that instructions after the ISB execute using the new stack pointer. See “ISB” .
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11.4.1.17 Exceptions and Interrupts

The Cortex-M4 processor supports interrupts and system exceptions. The processor and the Nested Vectored
Interrupt Controller (NVIC) prioritize and handle all exceptions. An exception changes the normal flow of software
control. The processor uses the Handler mode to handle all exceptions except for reset. See “Exception Entry”
and “Exception Return” for more information.

The NVIC registers control interrupt handling. See “Nested Vectored Interrupt Controller (NVIC)” for more
information.

11.4.1.18 Data Types

The processor supports the following data types:
e  32-bit words
e 16-bit halfwords
e 8-bit bytes
e The processor manages all data memory accesses as little-endian. Instruction memory and Private

Peripheral Bus (PPB) accesses are always little-endian. See “Memory Regions, Types and Attributes” for
more information.

11.4.1.19 Cortex Microcontroller Software Interface Standard (CMSIS)

For a Cortex-M4 microcontroller system, the Cortex Microcontroller Software Interface Standard (CMSIS) defines:
e A common way to:
—  Access peripheral registers
—  Define exception vectors
e The names of:
—  The registers of the core peripherals
—  The core exception vectors
e A device-independent interface for RTOS kernels, including a debug channel.

The CMSIS includes address definitions and data structures for the core peripherals in the Cortex-M4 processor.

The CMSIS simplifies the software development by enabling the reuse of template code and the combination of
CMSIS-compliant software components from various middleware vendors. Software vendors can expand the
CMSIS to include their peripheral definitions and access functions for those peripherals.

This document includes the register names defined by the CMSIS, and gives short descriptions of the CMSIS
functions that address the processor core and the core peripherals.

Note:  This document uses the register short names defined by the CMSIS. In a few cases, these differ from the architectural
short names that might be used in other documents.

The following sections give more information about the CMSIS:
e Section 11.5.3 "Power Management Programming Hints”
e Section 11.6.2 "CMSIS Functions”

e Section 11.8.2.1 "NVIC Programming Hints”.

SAM G51G / SAM G51N [DATASHEET 43
Atmel [ ]

Atmel-11209D-ATARM-SAM-G51G-SAMG-51N-Datasheet_19-Nov-14



11.4.2 Memory Model

This section describes the processor memory map, the behavior of memory accesses, and the bit-banding
features. The processor has a fixed memory map that provides up to 4 GB of addressable memory.

Figure 11-3.  Memory Map

OXFFFFFFFF
Vendor-specific 511 MB
memory
0xE0100000
i i OXEOOFFFFF
Prlvatebpue;rlpheral 1.0 MB
0xEO000 0000
Ox DFFFFFFF
External device 1.0 GB
0xA0000000
OX9FFFFFFF
32 MB Bit-band alias
0x60000000
0x42000000 OX5FFFFFFF
Ox400FFFFF — Peripheral 0.5GB
it-band region
0x40000000 0x40000000
O0x23FFFFFF Ox3FFFFFFF
32 MB Bit-band alias SRAM 0.56B
0x20000000
0x22000000 Ox1FFFFFFF
Code 0.5 GB
0x200FFFFF - -
0x20000000 L MB Bitband region | 0x00000000

The regions for SRAM and peripherals include bit-band regions. Bit-banding provides atomic operations to bit
data, see “Bit-banding” .

The processor reserves regions of the Private peripheral bus (PPB) address range for core peripheral registers.

This memory mapping is generic to ARM Cortex-M4 products. To get the specific memory mapping of this product,
refer to the Memories section of the datasheet.

11.4.2.1 Memory Regions, Types and Attributes

The memory map and the programming of the MPU split the memory map into regions. Each region has a defined
memory type, and some regions have additional memory attributes. The memory type and attributes determine the
behavior of accesses to the region.
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Memory Types
e Normal
The processor can re-order transactions for efficiency, or perform speculative reads.
e Device

The processor preserves transaction order relative to other transactions to Device or Strongly-ordered
memory.

Strongly-ordered

The processor preserves transaction order relative to all other transactions.

The different ordering requirements for Device and Strongly-ordered memory mean that the memory system can
buffer a write to Device memory, but must not buffer a write to Strongly-ordered memory.

Additional Memory Attributes

Shareable

For a shareable memory region, the memory system provides data synchronization between bus masters in
a system with multiple bus masters, for example, a processor with a DMA controller.

Strongly-ordered memory is always shareable.

If multiple bus masters can access a non-shareable memory region, the software must ensure data
coherency between the bus masters.

Execute Never (XN)

Means the processor prevents instruction accesses. A fault exception is generated only on execution of an
instruction executed from an XN region.

11.4.2.2 Memory System Ordering of Memory Accesses

For most memory accesses caused by explicit memory access instructions, the memory system does not
guarantee that the order in which the accesses complete matches the program order of the instructions, providing
this does not affect the behavior of the instruction sequence. Normally, if correct program execution depends on
two memory accesses completing in program order, the software must insert a memory barrier instruction between
the memory access instructions, see “Software Ordering of Memory Accesses” .

However, the memory system does guarantee some ordering of accesses to Device and Strongly-ordered
memory. For two memory access instructions Al and A2, if A1 occurs before A2 in program order, the ordering of
the memory accesses is described below.

Table 11-3. Ordering of the Memory Accesses Caused by Two Instructions
A2 Device Access
Strongly-

Normal Non- ordered
Al Access shareable Shareable Access
Normal Access - - - —
Device access, non-shareable - < - <
Device access, shareable - — < <
Strongly-ordered access - < < <

Where:

<

Atmel

Means that the memory system does not guarantee the ordering of the accesses.

Means that accesses are observed in program order, that is, Al is always observed
before A2.
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11.4.2.3 Behavior of Memory Accesses

The following table describes the behavior of accesses to each region in the memory map.

Table 11-4. Memory Access Behavior
Memory
Address Range Memory Region Type XN | Description
0X00000000—OX1EEFEEFE | Code Normal® _ Executable region for program code. Data can also be
put here.
Executable region for data. Code can also be put here.
0x20000000—-0x3FFFFFFF | SRAM Normal® — | This region includes bit band and bit band alias areas,

see Table 11-6.

This region includes bit band and bit band alias areas,

ica(@)
Device XN see Table 11-6.

0x40000000—-0x5FFFFFFF | Peripheral

0x60000000—-0x9FFFFFFF | External RAM Normal® -

0xA0000000—-0xDFFFFFFF | External device

Executable region for data

Device®™ | XN | External Device memory

Strongly-
ordered™®

This region includes the NVIC, system timer, and system

0xE0000000-0xEQOOFFFFF | Private Peripheral Bus
control block.

XN

0xE0100000—-0xFFFFFFFF | Reserved Device®™ | XN | Reserved

Note: 1. See “Memory Regions, Types and Attributes” for more information.

The Code, SRAM, and external RAM regions can hold programs. However, ARM recommends that programs
always use the Code region. This is because the processor has separate buses that enable instruction fetches and
data accesses to occur simultaneously.

The MPU can override the default memory access behavior described in this section. For more information, see
“Memory Protection Unit (MPU)” .

Additional Memory Access Constraints For Shared Memory

When a system includes shared memory, some memory regions have additional access constraints, and some
regions are subdivided, as Table 11-5 shows.

Table 11-5. Memory Region Shareability Policies
Address Range Memory Region Memory Type Shareability
0x00000000—0x1FFFFFFF Code Normal® -
0x20000000-0x3FFFFFFF SRAM Normal® -
0x40000000-0x5FFFFFFF Peripheral Device™® -
0x60000000-0x7FFFFFFF
External RAM Normal® -
0x80000000—0x9FFFFFFF
0xA0000000—-0XBFFFFFFF Shareable™®
External device Device™
0xC0000000—-0xDFFFFFFF Non-shareable ™
0XE0000000—0XEQOFFFFF Private Peripheral Bus Strongly-ordered™ Shareable®
0XE0100000—0xFFFFFFFF Vendor-specific device Device™® -

Notes: 1. See “Memory Regions, Types and Attributes” for more information.
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Instruction Prefetch and Branch Prediction

The Cortex-M4 processor:
e Prefetches instructions ahead of execution
e Speculatively prefetches from branch target addresses.

11.4.2.4 Software Ordering of Memory Accesses
The order of instructions in the program flow does not always guarantee the order of the corresponding memory
transactions. This is because:

e The processor can reorder some memory accesses to improve efficiency, providing this does not affect the
behavior of the instruction sequence.

e The processor has multiple bus interfaces

e Memory or devices in the memory map have different wait states

e Some memory accesses are buffered or speculative.
“Memory System Ordering of Memory Accesses” describes the cases where the memory system guarantees the
order of memory accesses. Otherwise, if the order of memory accesses is critical, the software must include

memory barrier instructions to force that ordering. The processor provides the following memory barrier
instructions:

DMB

The Data Memory Barrier (DMB) instruction ensures that outstanding memory transactions complete before
subsequent memory transactions. See “DMB” .

DSB

The Data Synchronization Barrier (DSB) instruction ensures that outstanding memory transactions complete
before subsequent instructions execute. See “DSB” .

ISB

The Instruction Synchronization Barrier (ISB) ensures that the effect of all completed memory transactions is
recognizable by subsequent instructions. See “ISB” .

MPU Programming

Use a DSB followed by an ISB instruction or exception return to ensure that the new MPU configuration is used by
subsequent instructions.
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11.4.2.5 Bit-banding
A bit-band region maps each word in a bit-band alias region to a single bit in the bit-band region. The bit-band
regions occupy the lowest 1 MB of the SRAM and peripheral memory regions.
The memory map has two 32 MB alias regions that map to two 1 MB bit-band regions:
e Accesses to the 32 MB SRAM alias region map to the 1 MB SRAM bit-band region, as shown in Table 11-6.

e Accesses to the 32 MB peripheral alias region map to the 1 MB peripheral bit-band region, as shown in
Table 11-7.

Table 11-6. SRAM Memory Bit-banding Regions

Address Range Memory Region Instruction and Data Accesses

Direct accesses to this memory range behave as SRAM memory accesses,

0x20000000-0x200FFFFF | SRAM bit-band region but this region is also bit-addressable through bit-band alias.

Data accesses to this region are remapped to bit-band region. A write
0x22000000-0x23FFFFFF | SRAM bit-band alias operation is performed as read-modify-write. Instruction accesses are not
remapped.

Table 11-7. Peripheral Memory Bit-banding Regions

Address Range Memory Region Instruction and Data Accesses

Direct accesses to this memory range behave as peripheral memory

0x40000000-0x400FFFFF | Peripheral bit-band alias accesses, but this region is also bit-addressable through bit-band alias.

Data accesses to this region are remapped to bit-band region. A write
0x42000000-0x43FFFFFF | Peripheral bit-band region | operation is performed as read-modify-write. Instruction accesses are not
permitted.

Notes: 1. A word access to the SRAM or peripheral bit-band alias regions map to a single bit in the SRAM or peripheral bit-band
region.
2. Bit-band accesses can use byte, halfword, or word transfers. The bit-band transfer size matches the transfer size of the
instruction making the bit-band access.

The following formula shows how the alias region maps onto the bit-band region:
bit_word_offset = (byte_offset x 32) + (bit_nunber x 4)
bit_word_addr = bit_band_base + bit_word_of fset
where:
e Bit word offset is the position of the target bit in the bit-band memory region.
Bit _word_addr is the address of the word in the alias memory region that maps to the targeted bit.
Bi t _band_base is the starting address of the alias region.
Byt e_of f set is the number of the byte in the bit-band region that contains the targeted bit.
Bi t _nunber is the bit position, 0-7, of the targeted bit.
Figure 11-4 shows examples of bit-band mapping between the SRAM bit-band alias region and the SRAM bit-
band region:
e The alias word at 0x23FFFFEQO maps to bit[0] of the bit-band byte at 0x200FFFFF: Ox23FFFFEOQ =
0x22000000 + (OXFFFFF*32) + (0*4).
e The alias word at 0x23FFFFFC maps to bit[7] of the bit-band byte at Ox200FFFFF: Ox23FFFFFC =
0x22000000 + (OXFFFFF*32) + (7*4).
e The alias word at 0x22000000 maps to bit[0] of the bit-band byte at 0x20000000: 0x22000000 =
0x22000000 + (0*32) + (0*4).
e The alias word at 0x2200001C maps to hit[7] of the bit-band byte at 0x20000000: 0x2200001C =
0x22000000+ (0*32) + (7*4).
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Figure 11-4.  Bit-band Mapping
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Directly Accessing an Alias Region

Writing to a word in the alias region updates a single bit in the bit-band region.

Bit[0] of the value written to a word in the alias region determines the value written to the targeted bit in the bit-

band region. Writing a value with bit[0] set to 1 writes a 1 to the bit-band bit, and writing a value with bit[0] set to O
writes a 0 to the bit-band bit.

Bits[31:1] of the alias word have no effect on the bit-band bit. Writing 0x01 has the same effect as writing OxFF.
Writing 0x00 has the same effect as writing OxOE.
Reading a word in the alias region:
e (0x00000000 indicates that the targeted bit in the bit-band region is set to 0
e  0x00000001 indicates that the targeted bit in the bit-band region is set to 1
Directly Accessing a Bit-band Region

“Behavior of Memory Accesses” describes the behavior of direct byte, halfword, or word accesses to the bit-band
regions.

11.4.2.6 Memory Endianness

The processor views memory as a linear collection of bytes numbered in ascending order from zero. For example,

bytes 0-3 hold the first stored word, and bytes 4—7 hold the second stored word. “Little-endian Format” describes
how words of data are stored in memory.

Little-endian Format

In little-endian format, the processor stores the least significant byte of a word at the lowest-numbered byte, and
the most significant byte at the highest-numbered byte. For example:

SAM G51G / SAM G51N [DATASHEET 49
Atmel [ ]

Atmel-11209D-ATARM-SAM-G51G-SAMG-51N-Datasheet_19-Nov-14



Figure 11-5. Little-endian Format
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11.4.2.7 Synchronization Primitives

The Cortex-M4 instruction set includes pairs of synchronization primitives. These provide a non-blocking
mechanism that a thread or process can use to obtain exclusive access to a memory location. The software can
use them to perform a guaranteed read-modify-write memory update sequence, or for a semaphore mechanism.

A pair of synchronization primitives comprises:

A Load-exclusive Instruction, used to read the value of a memory location, requesting exclusive access to that
location.

A Store-Exclusive instruction, used to attempt to write to the same memory location, returning a status bit to a
register. If this bit is:
e 0: ltindicates that the thread or process gained exclusive access to the memory, and the write succeeds,
e 1:ltindicates that the thread or process did not gain exclusive access to the memory, and no write is
performed.

The pairs of Load-Exclusive and Store-Exclusive instructions are:
e The word instructions LDREX and STREX
e The halfword instructions LDREXH and STREXH
e The byte instructions LDREXB and STREXB.

The software must use a Load-Exclusive instruction with the corresponding Store-Exclusive instruction.

To perform an exclusive read-modify-write of a memory location, the software must:
1. Use a Load-Exclusive instruction to read the value of the location.
2. Update the value, as required.
3. Use a Store-Exclusive instruction to attempt to write the new value back to the memory location
4. Test the returned status bit. If this bit is:

0: The read-modify-write completed successfully.

1: No write was performed. This indicates that the value returned at step 1 might be out of date. The
software must retry the read-modify-write sequence.

The software can use the synchronization primitives to implement a semaphore as follows:
1. Use a Load-Exclusive instruction to read from the semaphore address to check whether the semaphore is free.
2. If the semaphore is free, use a Store-Exclusive instruction to write the claim value to the semaphore
address.
3. If the returned status bit from step 2 indicates that the Store-Exclusive instruction succeeded then the
software has claimed the semaphore. However, if the Store-Exclusive instruction failed, another process
might have claimed the semaphore after the software performed the first step.
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The Cortex-M4 includes an exclusive access monitor, that tags the fact that the processor has executed a Load-
Exclusive instruction. If the processor is part of a multiprocessor system, the system also globally tags the memory
locations addressed by exclusive accesses by each processor.
The processor removes its exclusive access tag if:
e It executes a CLREX instruction
e It executes a Store-Exclusive instruction, regardless of whether the write succeeds.
e An exception occurs. This means that the processor can resolve semaphore conflicts between different
threads.
In a multiprocessor implementation:
e Executing a CLREX instruction removes only the local exclusive access tag for the processor
e Executing a Store-Exclusive instruction, or an exception, removes the local exclusive access tags, and all
global exclusive access tags for the processor.

For more information about the synchronization primitive instructions, see “LDREX and STREX” and “CLREX”" .

