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Chapter 1. Introduction

RP2040 is a low cost microcontroller device with the quality, cost and simplicity of the Raspberry Pi. Much like the
Raspberry Pi is an accessible computer, the RP2040 is an accessible chip with everything you need to build a product.

The RP2040 is supported with both C/C++ and MicroPython cross-platform development environments, including easy
access to runtime debugging. It has UF2 boot and floating-point routines baked into the chip. The in-built USB can act as
both device and host. It has two symmetric processor cores and high internal bandwidth, making it useful for signal
processing and video. The chip has a large amount of internal RAM but uses external flash, allowing you to choose how
much memory you need.

1.1. Why is the chip called RP2040?

The post-fix numeral on RP2040 comes from the following,
1. Number of processor cores (2)
2. Loosely which type of processor (M0+)
3. floor(log2(ram / 16k))
4. floor(log2(nonvolatile / 16Kk)) or 0 if no onboard nonvolatile storage

see Figure 1

Figure 1. An
explanation for the

name of the RP2040 I I
chip. . .
— —
A |

A

T

floor(log2(nonvolatile / 16Kk))

1410
|

floor(log2(ram / 16Kk))

Type of core (e.g. MO+)

Number of cores

Raspberry Pi

1.2. Summary

RP2040 is a low-cost, high-performance microcontroller device with flexible digital interfaces. Key features:
¥Dual Cortex MO+ processor cores, up to 133 MHz
¥264 kB of embedded SRAM in 6 banks
¥ 30 multifunction GPIO
¥6 dedicated IO for SPI Flash (supporting XIP)
¥Dedicated hardware for commonly used peripherals
¥Programmable 10 for extended peripheral support

¥4 channel ADC with internal temperature sensor, 0.5 MSa/s, 12 bit conversion

1.1. Why is the chip called RP2040? 15
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Figure 2. A system
overview of the
RP2040 chip

1.3. The Chip

M USB 1.1 Host/Device

1.3. The Chip

RP2040 has a dual MO+ processor cores, DMA, internal memory and peripheral blocks connected via AHB/APB bus fabric.
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Code may be executed directly from external memory through a dedicated SPI, DSPI or QSPI interface. A small cache
improves performance for typical applications.

Debug is available via the SWD interface.

Internal SRAM is arranged in banks which can contain code or data and is accessed via dedicated AHB bus fabric
connections, allowing bus masters to access separate bus slaves without being stalled.

DMA bus masters are available to offload repetitive data transfer tasks from the processors.

GPIO pins can be driven directly, or from a variety of dedicated logic functions.

Dedicated hardware for fixed functions such as SPI, 12C, UART.

Flexible configurable PIO controllers can be used to provide a wide variety of 10 functions.

A USB controller with embedded PHY can be used to provide FS/LS Host or Device connectivity under software control.
Four ADC inputs which are shared with GPIO pins.

Two PLLs to provide a fixed 48MHz clock for USB or ADC, and a flexible system clock up to 133MHz.

An internal Voltage Regulator to supply the core voltage so the end product only needs supply the 10 voltage.

1.4. Pinout Reference

This section provides a quick reference for pinout and pin functions. Full details, including electrical specifications and
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package drawings, can be found inChapter 5.

1.4.1. Pin Locations

Figure 3. RP2040
Pinout for QFN-56
7x7mm (reduced ePad
size)
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1.4.2. Pin Descriptions

Table 1. The function
of each pin is briefly

described here. Full
electrical
specifications can be

found inChapter 5

Name Description

GPIOx General-purpose digital input and output. RP2040 can connect one of a number of internal
peripherals to each GPIO, or control GPIOs directly from software.

GPIOx/ADCy General-purpose digital input and output, with analogue-to-digital converter function. The RP2040
ADC has an analogue multiplexer which can select any one of these pins, and sample the voltage.

QSPIx Interface to a SPI, Dual-SPI or Quad-SPI flash device, with execute-in-place support. These pins ca
also be used as software-controlled GPIOs, if they are not required for flash access.

USB_DM and USB controller, supporting Full Speed device and Full/Low Speed host. A 27% series termination

USB_DP resistor is required on each pin, but bus pullups and pulldowns are provided internally.

XIN and XOUT Connect a crystal to RP20400s crystal oscillator. XIN can also be used as a single-ended CMOS clock
input, with XOUT disconnected. The USB bootloader requires a 12 MHz crystal or 12 MHz clock
input.

RUN Global asynchronous reset pin. Reset when driven low, run when driven high. If no external reset is
required, this pin can be tied directly to IOVDD.

SWCLK and Access to the internal Serial Wire Debug multi-drop bus. Provides debug access to both processors

SWDIO and can be used to download code.

1.4. Pinout Reference
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Name Description

TESTEN Factory test mode pin. Tie to GND.

GND Single external ground connection, bonded to a number of internal ground pads on the RP2040 die.
IOVDD Power supply for digital GPIOs, nominal voltage 1.8 V to 3.3 V

USB_IOVDD Power supply for internal USB Full Speed PHY, nominal voltage 3.3 V

ADC_IOVDDD Power supply for analogue-to-digital converter, nominal voltage 3.3 V

VREG_IOVDD Power input for the internal core voltage regulator, nominal voltage 1.8 V to 3.3 V

VREG_VOUT Power output for the internal core voltage regulator, nominal voltage 1.1 V, 100 mA max current

DVDD Digital core power supply, nominal voltage 1.1 V. Can be connected to VREG_VOUT, or to some other
board-level power supply.

1.4.3. GPIO Functions

General Purpose Input/Output (GPIO) Bank 0 Functions

Each individual GPIO pin can be connected to an internal peripheral via the GPIO functions defined below. Some internal
peripherals appear in multiple places to allow some flexibility. SIO, PIO0 and PIO1 can connect to all GPIO pins.

Function
GPIO F1 F2 F3 F4 F5 F6 F7 F8 F9
0 SPI0O RX | UARTO TX|12C0 SDA |PWMO A |SIO PIO0O PIO1 USB
OVCUR
DET
1 SPI0 CSn | UARTO RX 12C0 SCL |PWMO B |SIO PIO0 PIO1 USB VBUS
DET
2 SPI0 SCK | UARTO 12C1 SDA |PWM1 A |SIO PIO0 PIO1 USB VBUS
CTS EN
3 SPIO TX UARTO 12C1 SCL |PWM1B |SIO PIOO PIO1 uUsB
RTS OVCUR
DET
4 SPIO RX | UART1 TX|12C0 SDA |PWM2 A |SIO PIO0 PIO1 USB VBUS
DET
5 SPIO CSn | UART1 RX 12C0 SCL |PWM2 B |SIO PIO0 PIO1 USB VBUS
EN
6 SPIO SCK | UART1 12C1 SDA |PWM3 A |SIO PIO0 PIO1 uUsB
CTS OVCUR
DET
7 SPIO TX UART1 12C1 SCL |PWM3 B |SIO PIO0O PIO1 USB VBUS
RTS DET
8 SPI1 RX | UART1 TX|12C0 SDA |PWM4 A |SIO PIO0O PIO1 USB VBUS
EN
9 SPI1 CSn | UART1 RX 12C0 SCL |PWM4 B |SIO PIO0 PIO1 USB
OVCUR
DET

1.4. Pinout Reference 18
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10 SPI1 SCK | UART1 12C1 SDA |PWM5 A |[SIO PI10O0 PIO1 USB VBUS
CTS DET
11 SPILTX |UART1 12C1 SCL |PWM5B |[SIO PI10O0 PIO1 USB VBUS
RTS EN
12 SPI1L RX |UARTO TX|12C0 SDA | PWM6 A | SIO PI1O0 PIO1 uUsB
OVCUR
DET
13 SPI1 CSn | UARTO RX 12C0 SCL |PWM6 B |SIO P100 P1O1 USB VBUS
DET
14 SPI1 SCK | UARTO 12C1 SDA |PWM7 A | SIO P100 PIO1 USB VBUS
CTS EN
15 SPI1 TX | UARTO 12C1 SCL |PWM7 B |SIO P100 PIO1 UsB
RTS OVCUR
DET
16 SPI0O RX |UARTO TX|12C0 SDA |PWMO A | SIO PI1O0 PIO1 USB VBUS
DET
17 SPI0 CSn | UARTO RX 12C0 SCL |PWMO B | SIO PIO0 PIO1 USB VBUS
EN
18 SPI0 SCK | UARTO 12C1 SDA |PWM1 A |[SIO PI1O0 PIO1 USB
CTS OVCUR
DET
19 SPIO TX |UARTO 12C1 SCL |PWM1B [SIO PI10O0 PIO1 USB VBUS
RTS DET
20 SPIO RX |UART1 TX|12C0 SDA |PWM2 A | SIO PI10O0 PIO1 CLOCK USB VBUS
GPINO EN
21 SPI0 CSn | UART1 RX 12C0 SCL |PWM2 B |SIO PI1O0 PIO1 CLOCK uUsB
GPOUTO |OVCUR
DET
22 SPI0 SCK | UART1 12C1 SDA |PWM3 A | SIO P100 P1O1 CLOCK USB VBUS
CTS GPIN1 DET
23 SPI0O TX | UART1 12C1 SCL |PWM3 B |SIO P100 PIO1 CLOCK USB VBUS
RTS GPOUT1 |EN
24 SPI1 RX |[UART1 TX|12C0 SDA |PWM4 A | SIO P100 PIO1 CLOCK USB
GPOUT2 |OVCUR
DET
25 SPI1 CSn | UART1 RX 12C0 SCL |PWM4 B |SIO PI1O0 PIO1 CLOCK USB VBUS
GPOUT3 |DET
26 SPI1 SCK | UART1 12C1 SDA |PWM5 A |[SIO PIO0 PIO1 USB VBUS
CTS EN
27 SPILTX |UART1 12C1 SCL |PWM5B |[SIO PIO0 PIO1 USB
RTS OVCUR
DET
28 SPI1 RX |UARTO TX|12C0 SDA |PWM6 A | SIO PI10O0 PIO1 USB VBUS
DET
29 SPI1 CSn | UARTO RX 12C0 SCL |PWM6 B | SIO PI10O0 PIO1 USB VBUS
EN
1.4. Pinout Reference 19
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Table 2. GPIO bank 0
function descriptions

Function Name

Description

SPIx Connect one of the internal PL022 SPI peripherals to GPIO

UARTX Connect one of the internal PLO11 UART peripherals to GPIO

12Cx Connect one of the internal DW 12C peripherals to GPIO

PWMx A/B Connect a PWM slice to GPIO. There are eight PWM slices, each with two output channe
(A/B). The B pin can also be used as an input, for frequency and duty cycle measurement.

SIO Software control of GPIO, from the single-cycle 10 (SIO) block. The SIO functiorg must
be selected for the processors todrive a GPIO, but the input is always connected, so
software can check the state of GPIOs at any time.

PI1Ox Connect one of the programmable 10 blocks (PIO) to GPIO. PIO can implementvéde
variety of interfaces, and has its own internal pin mapping hardware, allowing flexible
placement of digital interfaces on bank 0 GPIOs. The PIO functiorFg, F7) must be
selected for PIO todrive a GPIO, but the input is always connected, so the PIOs can
always see the state of all pins.

CLOCK GPINx General purpose clock inputs. Can be routed to a number of internal clock domains on
RP2040, e.g. to provide a 1 Hz clock for the RTC, or can be connected to an internal
frequency counter.

CLOCK GPOUTXx General purpose clock outputs. Can drive a number of internal clocks (including PLL

outputs) onto GPIOs, with optional integer divide.

USB OVCUR DET/VBUS
DET/VBUS EN

USB power control signals to/from the internal USB controller

Is

1.4. Pinout Reference
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fabric overview.

Figure 4. RP2040 bus ermml
Cortex-M0+ Cortex-MO+ System DMA
Core 0 Core 1 1-Write 1-Read

2.1. Bus Fabric

Chapter 2. System Description

This chapter describes the RP2040 key system features including processor, memory, how blocks are connected, clocks,
resets, power, and 10. Refer té-igure 2 for an overview diagram.

2.1. Bus Fabric

The RP2040 bus fabric routes addresses and data across the chip.

Figure 4 shows the high-level structure of the bus fabric. The main AHB-Lite crossbar routes addresses and data between

its 4 upstream ports and 10 downstream ports: up to four bus transfers can take place each cycle. All data paths are 32

bits wide. Memory devices have dedicated ports on the main crossbar, to satisfy their high bandwidth requirements. High-

bandwidth AHB-Lite peripherals have a shared port on the crossbar, and an APB bridge provides bus access to system
control registers and lower-bandwidth peripherals.

| | -

AHB-Lite Crossbar 4:10

AHB-Lite Splitter

SN D R A

ROM SRAMO SRAM1 SRAM2 SRAM3 SRAM4 SRAMS APB Flash
16 kB 64 kB 64 kB 64 kB 64 kB 4kB 4kB Bridge XIP

APB Splitter

S D D NN SN A ARD S S S R

Watch- Other peripherals
UARTO UART1 SPIO SPI 12C0 12C1 ADC PWM Timer 4o RTC and system
9 control registers

PIOO PIO1 usB

The bus fabric connects 4 AHB-Lite masters, i.e. devices which generate addresses:
¥Processor core 0
¥Processor core 1
¥DMA controller Read port
¥DMA controller Write port
These are routed through to 10 downstream ports on the main crossbar:
¥RoM
¥Flash XIP
¥SRAM 0 to 5 (one port each)
¥Fast AHB-Lite peripherals: PIOO0, PIO1, USB, DMA control registers, XIP aux (one shared port)
¥Bridge to all APB peripherals, and system control registers

The four bus masters can access any fourdifferent crossbar ports simultaneously, the bus fabric does not add wait
states to any AHB-Lite slave access. So at a system clock of 125 MHz the maximum sustained bus bandwidth is 2.0
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GB/s. The system address map has been arranged to make this parallel bandwidth available to as many software use
cases as possible!N!for example, the striped SRAM aliasgRAM) scatters main memory accesses across four crossbar
ports (SRAMOES3), so that more memory accesses can proceed in parallel.

2.1.1. AHB-Lite Crossbar

At the centre of the RP2040 bus fabric is a 4:10 fully-connected crossbar. Its 4 upstream ports are connected to the 4
system bus masters, and the 10 downstream ports connect to the highest-bandwidth AHB-Lite slaves (namely the
memory interfaces) and to lower layers of the fabric.Figure 5 shows the structure of a 2:3 AHB-Lite crossbar, arranged
identically to the 4:10 crossbar on RP2040, but easier to show in the diagram.

Figure 5. A 2:3 AHB- Upstream Upstream
Lite crossbar. Each Port0 Port 1
upstream port 1 i

connects to a splitter,
which routes bus

13 13
requests toward one
of the 3 downstream
ports, and routes
responses back. Each
downstream port
21

Splitter Splitter

connects to an arbiter, Arbiter Arbiter Arbiter
which safely manages 21 21
concurrent access to t t i
the port.
Downstream Downstream Downstream
Port 0 Port 1 Port 2

The crossbar is built from two components:

¥ splitters
! Perform coarse address decode
! Route requests (addresses, write data) to the downstream port indicated by the initial address decode
! Route responses (read data, bus errors) from the correct arbiter back to the upstream port

¥Arbiters
| Manage concurrent requests to a downstream port
! Route responses (read data, bus errors) to the correct splitter
! Implement bus priority rules

The main crossbar on RP2040 consists of 4 1:10 splitters and 10 4:1 arbiters, with a mesh of 40 AHB-Lite bus channels
between them. Note that, as AHB-Lite is a pipelined bus, the splitter may be routing back a response to an earlier request
from downstream port A, whilst a new request to downstream port B is already in progress. This does not incur any cycle
penalty.

2.1.1.1. Bus Priority

The arbiters in the main AHB-Lite crossbar implement a two-level bus priority scheme. Priority levels are configured per-
master, using the BUS_PRIORITYegister in the BUSCTReegister block.

When there are multiple simultaneous accesses to same arbiter, any requests from high-priority masters (priority level 1)
will be considered before any requests from low-priority masters (priority 0). If multiple masters of the same priority level
attempt to access the same slave simultaneously, a round-robin tie break is applied, i.e. the arbiter grants access to each
master in turn.
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NOTE

Priority arbitration only applies to multiple masters attempting to access the same slave on the same cycle. Accesses
to different slaves, e.g. different SRAM banks, can proceed simultaneously.

When accessing a slave with zero wait states, such as SRAM (i.e. can be accessed once per system clock cycle), high-

priority masters will never observe any slowdown or other timing effects caused by accesses from low-priority masters.
This allows guaranteed latency and throughput for hard real time use cases; it does however mean a low-priority master
may get stalled until there is a free cycle.

2.1.1.2. Bus Performance Counters

The performance counters automatically count accesses to the main AHB-Lite crossbar arbiters. This can assist in
diagnosing performance issues, in high-traffic use cases.

There are four performance counters. Each is a 24-bit saturating counter. Counter values can be read from
BUSCTRL_PERFCERd cleared by writing any value toBUSCTRL_PERFCHach counter can count one of the 20 available
events at a time, as selected byBUSCTRL_PERFSHbe available bus events are:

PERFSEL Event Description

X

0 APB access, Completion of an access to the APB arbiter (which is upstream of all APB peripherals),
contested which was previously delayed due to an access by another master.

1 APB access Completion of an access to the APB arbiter

2 FASTPERI access, |Completion of an access to the FASTPERI arbiter (which is upstream of PIOs, DMA
contested config port, USB, XIP aux FIFO port), which was previously delayed due to an access by

another master.

3 FASTPERI access | Completion of an access to the FASTPERI arbiter

4 SRAMS5 access, Completion of an access to the SRAMS arbiter, which was previously delayed due to an
contested access by another master.

5 SRAMS5 access Completion of an access to the SRAM5 arbiter

6 SRAM4 access, Completion of an access to the SRAM4 arbiter, which was previously delayed due to an
contested access by another master.

7 SRAM4 access Completion of an access to the SRAM4 arbiter

8 SRAMS access, Completion of an access to the SRAM3 arbiter, which was previously delayed due to an
contested access by another master.

9 SRAMS3 access Completion of an access to the SRAM3 arbiter

10 SRAM2 access, Completion of an access to the SRAM2 arbiter, which was previously delayed due to an
contested access by another master.

11 SRAM2 access Completion of an access to the SRAM2 arbiter

12 SRAM1 access, Completion of an access to the SRAML1 arbiter, which was previously delayed due to an
contested access by another master.

13 SRAML1 access Completion of an access to the SRAML1 arbiter

14 SRAMO access, Completion of an access to the SRAMO arbiter, which was previously delayed due to an
contested access by another master.

15 SRAMO access Completion of an access to the SRAMO arbiter

2.1. Bus Fabric
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PERFSEL Event Description

X

16 XIP_MAIN access, |Completion of an access to the XIP_MAIN arbiter, which was previously delayed due ta
contested an access by another master.

17 XIP_MAIN access Completion of an access to the XIP_MAIN arbiter

18 ROM access, Completion of an access to the ROM arbiter, which was previously delayed due to an
contested access by another master.

19 ROM access Completion of an access to the ROM arbiter

2.1.2. Atomic Register Access
Each peripheral register block is allocated 4kB of address space, with registers accessed using one of 4 methods,
selected by address decode.

¥Addr +0x0000 : normal read write access

¥Addr +0x1000 : atomic XOR on write

¥ Addr + 0x2000 : atomic bitmask set on write

¥Addr +0x3000 : atomic bitmask clear on write

This allows individual fields of a control register to be modified without performing a read-modify-write sequence in
software: instead the changes are posted to the peripheral, and performed in-situ. Without this capability, it is difficult to
safely access 10 registers when an interrupt service routine is concurrent with code running in the foreground, or when the
two processors are running code in parallel.

The four atomic access aliases occupy a total of 16 kB. Most peripherals on RP2040 provide this functionality natively,
and atomic writes have the same timing as normal read/write access. Some peripherals (12C, UART, SPI and SSI) instead
have this functionality added using a bus interposer, which translates upstream atomic writes into downstream read-
modify-write sequences, at the boundary of the peripheral. This extends the access time by two system clock cycles.

The SIO Gection 2.3.1), a single-cycle 10 block attached directly to the cores' IO ports, doesot support atomic accesses
at the bus level, although some individual registers (e.g. GPIO) have set/clear/xor aliases.

2.1.3. APB Bridge

The APB bridge interfaces the high-speed main AHB-Lite interconnect to the lower-bandwidth peripherals. Whilst the AHB-
Lite fabric offers zero-wait-state access everywhere, APB accesses have a cycle penalty:

¥APB bus accesses take two cycles minimum (setup phase and access phase)
¥The bridge adds an additional cycle to read accesses, as the bus request and response are registered

¥The bridge addstwo additional cycles to write accesses, as the APB setup phase can not begin until the AHB-Lite
write data is valid

As a result, the throughput of the APB portion of the bus fabric is somewhat lower than the AHB-Lite portion. However,
there is more than sufficient bandwidth to saturate the APB serial peripherals.

2.1.4. Narrow 10 Register Writes

Memory-mapped IO registers on RP2040 ignore the width of bus read/write accesses. They treat all writes as though they
were 32 bits in size. This means software can not use byte or halfword writes to modify part of an 10 register: any write to
an address where the 30 address MSBs match the register address will affect the contents of the entire register.

To update part of an 1O register, without a read-modify-write sequence, the best solution on RP2040 is atomic
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set/clear/XOR (see Section 2.1.2). Note that this is more flexible than byte or halfword writes, as any combination of fields
can be updated in one operation.

Upon a 8-hit or 16-bit write (such as astrb instruction on the Cortex-M0+), an 10 register will sample the entire 32-bit write
databus. The Cortex-M0+ and DMA on RP2040 will always replicate narrow data across the bus:

Pico Examplesttps://github.com/raspberrypi/pico-examples/tree/pre_release/system/narrow_io_write/narrow Limesrii@.c60

19 int main() {

20 setup_default_uart 0;

21

22 /' We'll use WATCHDOG_SCRATCHO as a convenient 32 bit read/write register
23 /I that we can assign arbitrary values to

24 io_rw_32 *scratch32 = &watchdog_hw ->scratch [ 0];

25 /I Alias the scratch register as two halfwords at offsets +0x0 and +0x2

26 volatile uintl6_t  *scratchl6é = (volatile uintl6_t  *) scratch32 ;
27 /I Alias the scratch register as four bytes at offsets +0x0, +0x1, +0x2, +0x3:
28 volatile uint8_t  *scratch8 = (volatile uint8_t  *) scratch32 ;
29

30 /I Show that we can read/write the scratch register as normal:

31 printf  ( "Writing 32 bit value \n");

32 *scratch32 = Oxdeadbeef ;

33 printf ("Should be Oxdeadbeef: 0x%08x \n", *scratch32 );

34

85! /I We can do narrow reads just fine -- IO registers treat this as a 32 bit

36 /l read, and the processor/DMA will pick out the correct byte lanes based

37 /I on transfer size and address LSBs

38 printf  ("\n Reading back 1 byte at a time \n");

39 /I Little-endian!

40 printf ("Should be ef be ad de: %02x %02x %02x %02x \n",

41 scratch8 [0], scratch8 [1], scratch8 [2], scratch8 [3]);
42

43 /I The Cortex-M0+ and the RP2040 DMA replicate byte writes across the bus,
44 /I and 10 registers will sample the entire write bus always.

45 printf  ("\n Writing 8 bit value Oxa5 at offset O \n");

46 scratch8 [0] = Oxa5;

a7 /I Read back the whole scratch register in one go

48 printf  ("Should be Oxa5a5a5a5: 0x%08x \n", *scratch32 );

49

50 /I The 10 register ignores the address LSBs [1:0] as well as the transfer

51 /I size, so it doesn't matter what byte offset we use

52 printf ("\n Writing 8 bit value at offset 1 \n");

53 scratch8 [1] = 0x3c;

54 printf  ( "Should be 0x3c3c3c3c: 0x%08x \n", *scratch32 );

55

56 /I Halfword writes are also replicated across the write data bus

57 printf ("\n Writing 16 bit value at offset 0 \n");

58 scratchl6 [0] = 0xfood ;

59 printf  ("Should be 0xf00df00d: 0x%08x \n", *scratch32 );

60 }

2.1.5. List of Registers

Table 3. List of Offset Name Info

BUSCTRL registers
0x00 BUS_PRIORITY Set the priority of each master for bus arbitration.
0x04 BUS_PRIORITY_ACK Bus priority acknowledge
0x08 PERFCTRO Bus fabric performance counter O

2.1. Bus Fabric 25


https://github.com/raspberrypi/pico-examples/tree/pre_release/system/narrow_io_write/narrow_io_write.c#L19-L60

RP2040 Datasheet

Offset Name Info

0x0c PERFSELO Bus fabric performance event select for PERFCTRO
0x10 PERFCTR1 Bus fabric performance counter 1

0x14 PERFSEL1 Bus fabric performance event select for PERFCTR1
0x18 PERFCTR2 Bus fabric performance counter 2

Ox1lc PERFSEL2 Bus fabric performance event select for PERFCTR2
0x20 PERFCTR3 Bus fabric performance counter 3

0x24 PERFSEL3 Bus fabric performance event select for PERFCTR3

BUS_PRIORITY Register

Description

Set the priority of each master for bus arbitration.

Table 4. Bits Name Description Type Reset
BUS_PRIORITY
Register 31:13 | Reserved. - - -
12 DMA_W 0 - low priority, 1 - high priority RW 0x0
11:9 Reserved. - - -
8 DMA_R 0 - low priority, 1 - high priority RW 0x0
75 Reserved. - - -
4 PROC1 0 - low priority, 1 - high priority RW 0x0
31 Reserved. - - -
0 PROCO 0 - low priority, 1 - high priority RW 0x0
BUS_PRIORITY_ACK Register
Description
Bus priority acknowledge
Table 5. Bits Name Description Type Reset
BUS_PRIORITY_ACK
Register 31:1 Reserved. - - -
0 NONAME Goes to 1 once all arbiters have registered the new global | RO 0x0

priority levels.

Arbiters update their local priority when servicing a new
nonsequential access.

In normal circumstances this will happen almost
immediately.

2.1. Bus Fabric
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Tabl_e 6. PERFCTRO | s Name Description Type Reset
Register
31:24 Reserved. - - -
23:0 NONAME Busfabric saturating performance counter O wcC 0x000000
Count some event signal from the busfabric arbiters.
Write any value to clear. Select an event to count using
PERFSELO
PERFSELO Register
Description
Bus fabric performance event select for PERFCTRO
Tablle 7- PERFSELO | gjss Name Description Type Reset
Register
31:5 Reserved. - - -
4:0 NONAME Select a performance event for PERFCTRO RW Ox1f
PERFCTR1 Register
Description
Bus fabric performance counter 1
Tabl.e 8.PERFCTRL | o N Description Type Reset
Register
31:24 Reserved. - - -
23:0 NONAME Busfabric saturating performance counter 1 wcC 0x000000
Count some event signal from the busfabric arbiters.
Write any value to clear. Select an event to count using
PERFSEL1
PERFSEL1 Register
Description
Bus fabric performance event select for PERFCTR1
Table 9. PERFSELL | pyiq Name Description Type Reset
Register
BilkE Reserved. - - -
4:0 NONAME Select a performance event for PERFCTR1 RW Ox1f

2.1. Bus Fabric
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Tabl_e 10. PERFCTR2| pjs Name Description Type Reset
Register
31:24 Reserved. - - -
23:0 NONAME Busfabric saturating performance counter 2 wcC 0x000000
Count some event signal from the busfabric arbiters.
Write any value to clear. Select an event to count using
PERFSEL2
PERFSEL2 Register
Description
Bus fabric performance event select for PERFCTR2
Tablle 11 PERFSEL2| pjs Name Description Type Reset
Register
31:5 Reserved. - - -
4:0 NONAME Select a performance event for PERFCTR2 RW Ox1f
PERFCTR3 Register
Description
Bus fabric performance counter 3
Tabl.e 12. PERFCTR3| go o - Description Type Reset
Register
31:24 Reserved. - - -
23:0 NONAME Busfabric saturating performance counter 3 wcC 0x000000
Count some event signal from the busfabric arbiters.
Write any value to clear. Select an event to count using
PERFSEL3
PERFSEL3 Register
Description
Bus fabric performance event select for PERFCTR3
Table 13. PERFSELS | gjiq Name Description Type Reset
Register
BilkE Reserved. - - -
4:0 NONAME Select a performance event for PERFCTR3 RW Ox1f
2.2. Address Map
The address map for the device is split in to sections as shown inTable 14. Details are shown in the following sections.
Unmapped address ranges raise a bus error when accessed.
2.2.1. Summary
Table 14. Address ROM 000000000
Map Summary
XIP 0x10000000
SRAM 0x20000000

2.2. Address Map
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APB Peripherals 0x40000000
AHB-Lite Peripherals 0x50000000
IOPORT Registers 0xd0000000
Cortex-MO+ internal registers 0xe0000000
2.2.2. Detail
ROM
ROM_BASE 0x00000000
XIP:
XIP_BASE 0x10000000
XIP_NOALLOC_BASE 0x11000000
XIP_NOCACHE_BASE 0x12000000
XIP_NOCACHE_NOALLOC_BASE 0x13000000
XIP_CTRL_BASE 0x14000000
XIP_SRAM_BASE 0x15000000
XIP_SRAM_END 0x15004000
XIP_SSI_BASE 0x18000000
SRAM SRAMO-3 striped:
SRAM_BASE 0x20000000
SRAM_STRIPED_BASE 0x20000000
SRAM_STRIPED_END 0x20040000
SRAM 4-5 are always non-striped:
SRAM4_BASE 0x20040000
SRAM5_BASE 0x20041000
SRAM_END 0x20042000
Non striped aliases of SRAMO-3:
SRAMO_BASE 0x21000000
SRAM1_BASE 0x21010000
SRAM2_BASE 0x21020000
SRAM3_BASE 0x21030000
APB Peripherals
SYSINFO_BASE 0x40000000
SYSCFG_BASE 0x40004000

2.2. Address Map
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CLOCKS_BASE 0x40008000
RESETS_BASE 0x4000¢000
PSM_BASE 0x40010000
I0_BANKO_BASE 0x40014000
I0_QSPI_BASE 0x40018000
PADS_BANKO_BASE 0x4001¢000
PADS_QSPI_BASE 0x40020000
XOSC_BASE 0x40024000
PLL_SYS BASE 0x40028000
PLL_USB_BASE 0x4002¢000
BUSCTRL_BASE 0x40030000
UARTO_BASE 0x40034000
UART1_BASE 0x40038000
SPI0_BASE 0x4003¢000
SPI1_BASE 0x40040000
12C0_BASE 0x40044000
12C1_BASE 0x40048000
ADC_BASE 0x4004c000
PWM_BASE 0x40050000
TIMER_BASE 0x40054000
WATCHDOG_BASE 0x40058000
RTC_BASE 0x4005c000
ROSC_BASE 0x40060000
VREG_AND_CHIP_RESET BASE 0x40064000
TBMAN_BASE 0x4006¢000

AHB-Lite peripherals

DMA_BASE 0x50000000

USB has a DPRAM at its base followed by registers:

USBCTRL_BASE 0x50100000
USBCTRL_DPRAM_BASE 0x50100000
USBCTRL_REGS_BASE 0x50110000

Remaining AHB-Lite peripherals:

PIO0_BASE 0x50200000
PIO1_BASE 0x50300000
XIP_AUX_BASE 0x50400000

2.2. Address Map
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IOPORT Peripherals

SIO_BASE 0xd0000000

Cortex-MO0+ Internal Peripherals

PPB_BASE 0xe0000000

2.3. Processor subsystem

The RP2040 processor subsystem consists of two Arm Cortex-MO0+ processors!Nleach with its standard internal Arm
CPU peripherals!Nlalongside external peripherals for GPIO access and inter-core communication. Details of the Arm
Cortex-MO+ processors, including the specific feature configuration used on RP2040, can be found i@ortex-M0O+.

Figure 6. Two Cortex-

From peripherals From external debugger
MO+ processors, each
with a dedicated 32-bit Interrupts Serial Wire Debug
AHB-Lite bus port, for
code fetch, loads and
stores. The SIO is 37 + £ +
connected to the NVIC | DAP NVIC | DAP
single-cycle IOPORT
bus of each processor, Core 0 Core 1
. <« Events >

and provides GPIO Cortex-MO+ Cortex-MO+
access, two-way
communications, and Bus Interface <— IOPORT <— IOPORT — Bus Interface
other core-local

AHB-Lite GPIO "36 AHB-Lite

peripherals. Both

processors can be To bus fabric To GPIO Muxing To bus fabric
debugged via a single
multi-drop Serial Wire

Debug bus. 26 The processors use a number of interfaces to communicate with the rest of the system:
interrupts (plus NMI)

are routed to the NVIC ¥Each processor use its own independent 32-bit AHB-Lite bus to access memory and memory-mapped peripherals

and WIC on each - .
(more detail in Bus Fabric)
processor.

¥The single-cycle 10 block provides high-speed, deterministic access to GPIOs via each processorOs IOPORT

Y26 system-level interrupts are routed to both processors

¥A multi-drop Serial Wire Debug bus provides debug access to both processors from an external debug host

2.3.1. SIO

The Single-cycle 10 block (SIO) contains several peripherals that require low-latency, deterministic access from the
processors. It is accessed via each processorOs IOPORT: this is an auxiliary bus port on the Cortex-M0O+ which can
perform rapid 32-bit reads and writes. The SIO has a dedicated bus interface for each processorOs IOPORT, as shown in
Figure 7. Processors access their IOPORT with normal load and store instructions, directed to the special IOPORT address
segment, 0xd0000000EDxdfffffff . The SIO appears as memory-mapped hardware within the IOPORT space.

' NOTE

The SIO is not connected to the main system bus due to its tight timing requirements. It can only be accessed by the
processors, or by the debugger via the processor debug ports.
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Figure 7. The single-
cycle 10 block
contains memory-
mapped hardware
which the processors
must be able to
access quickly. The
FIFOs and spinlocks
support message
passing and
synchronisation
between the two
cores. The shared
GPIO registers provide
fast and concurrency-
safe direct access to
GPIO-capable pins.
Some core-local
arithmetic hardware
can be used to
accelerate common
tasks on the
processors.
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> FIFOOto 1 >
< FIFO1to O
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<> Hardware Spinlock " 32 >
Interface Interface
<—>»| Integer Divider Integer Divider >
<—>»| Interpolator O Interpolator O >
<—>» |Interpolator 1 Interpolator 1 >
A A
A A
GPIO Registers Shared, atomic
set/clear/ xor
GPIO "36
To GPIO Muxing

All IOPORT reads and writes (and therefore all SIO accesses) take place in exactly one cycle, unlike the main AHB-Lite
system bus, where the Cortex-MO+ requires two cycles for a load or store, and may have to wait longer due to contention
from other system bus masters. This is vital for interfaces such as GPIO, which have tight timing requirements.

SIO registers are mapped to word-aligned addresses in the rang@xd0000000E0xd000017¢c The remainder of the IOPORT
space is reserved for future use.

The SIO peripherals are described in more detail in the following sections.

2.3.1.1. CPUID

The register CPUIDis the first register in the IOPORT space. Core 0 reads a value of 0 when accessing this address, and
core 1 reads a value of 1. This is a convenient method for software to determine on which core it is running. This is
checked during the initial boot sequence: both cores start running simultaneously, core 1 goes into a deep sleep state, and
core 0 continues with the main boot sequence.

2.3.1.2. GPIO Control

The processors have access to GPIO registers for fast and direct control of pins with GPIO functionality. There are two
identical sets of registers:

¥ cPio_sor direct control of 10 bank 0 (user GPIOs 0 to 29, starting at the LSB)

¥GP|O_H|_>for direct control of the QSPI 10 bank (in the order SCLK, SSn, SDO, SD1, SD2, SD3, starting at the LSB)
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' NOTE

To drive a pin with the SIOOs GPIO registers, the GPIO multiplexer for this pin must first be configured to select the $10
GPIO function. Seerable 274.

These GPIO registers areshared between the two cores, and both cores can access them simultaneously. There are three
registers for each bank:

¥output registers, GPIO_OUTand GPIO_HI_OUjTare used to set the output level of the GPIO (1/0 for high/low)

¥Output enable registers,GPIO_OEand GPIO_HI_OfFare used to enable the output driver. O for high-impedance, 1 for
drive high/low based on GPIO_OUTand GPIO_HI_OUT

¥input registers, GPIO_INand GPIO_HI_INallow the processor to sample the current state of the GPIOs

Reading GPIO_INreturns all 30 GPIO values (or 6 folGPIO_HI_I)\in a single read. Software can then mask out individual
pins it is interested in.

Pico SDHKuttps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_gpio/include/hardwaneg 2@z 294

292 static inline bool gpio_get (uint gpio ) {
293 return  !I (( 1ul << gpio ) & sio_hw ->gpio_in );
294 }

The ouTand OEregisters also have atomic SET, CLR, and XOR aliases, which allows software to update a subset of the
pins in one operation. This is vital not only for safe parallel GPIO access between the two cores, but also safe concurrent
GPIO access in an interrupt handler and foreground code running on one core.

Pico SDHKattps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_gpio/include/hardwanegBibd 316

314 static inline  void gpio_set_mask (uint32_t mask) {
315 sio_hw ->gpio_set = mask;
316 }

Pico SDHattps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_gpio/include/hardwanes 823+ 325

323 static inline void gpio_clr_mask (uint32_t mask) {
324 sio_hw -> gpio_clr = mask;
325 }

Pico SDHattps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_gpio/include/hardwane's 866 372

366 static inline void gpio_put (uint gpio , bool value ) {

367 uint32_t  mask = 1ul << gpio ;
368 if (value )

369 gpio_set_mask ( mask);
370 else

371 gpio_clr_mask  ( mask);

372 }

If both processors write to an OUTor OEregister (or any of its SET/CLR/XOR aliases) on the same clock cycle, the result is
as though core 0 wrote first, and core 1 wrote immediately afterward. For example, if core 0 SETs a bit, and core 1
simultaneously XORs it, the bit will be set to 0, irrespective of it original value.
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' NOTE

This is a conceptual model for the result that is produced when two cores write to a GPIO register simultaneously. The
register does not actually contain this intermediate value at any point. In the previous example, if the pin is initially 0,
and core 0 performs a SET while core 1 performs a XOR, the GPIO output remains low without any positive glitch.

2.3.1.3. Hardware Spinlocks

The SIO provides 32 hardware spinlocks, which can be used to manage mutually-exclusive access to shared software
resources. Each spinlock is a one-bit flag, mapped to a different address (fronSPINLOCKOto SPINLOCK3). Software
interacts with each spinlock with one of the following operations:

¥Read: attempt to claim the lock. Read value is nonzero if the lock was successfully claimed, or zero if the lock had
already been claimed by a previous read.

¥ Write (any value): release the lock. The next attempt to claim the lock will be successful.
If both cores try to claim the same lock on the same clock cycle, core 0 succeeds.

Generally software will acquire a lock by repeatedly polling the lock bit (“spinning" on the lock) until it is successfully
claimed. This is inefficient if the lock is held for long periods, so generally the spinlocks should be used to protect the
short critical sections of higher-level primitives such as mutexes, semaphores and queues.

For debugging purposes, the current state of all 32 spinlocks can be observed vi&PINLOCK_ST

2.3.1.4. Inter-processor FIFOs (Mailboxes)

The SIO contains two FIFOs for passing data, messages or ordered events between the two cores. Each FIFO is 32 bits
wide, and eight entries deep. One of the FIFOs can only be written by core 0, and read by core 1. The other can only be
written by core 1, and read by core 0.

Each core writes to its outgoing FIFO by writing to~FIFO_WR and reads from its incoming FIFO by reading fronIFO_RD
A status register, FIFO_ST provides the following status signals:

¥incoming FIFO contains data (/L)

¥Outgoing FIFO has room for more data RDY

¥The incoming FIFO was read from while empty at some point in the pastROJE
¥The outgoing FIFO was written to while full at some point in the past\WOF

Writing to the outgoing FIFO while full, or reading from the incoming FIFO while empty, does not affect the FIFO state. The
current contents and level of the FIFO is preserved. However, this does represent some loss of data or reception of invalid
data by the software accessing the FIFO, so a sticky error flag is raisedRO®r WOF

The SIO has a FIFO IRQ output for each core, mapped to system IRQ numbersand 16. The IRQ is asserted when any of
VLD ROEor WOis 1 in that coreO§IFO_STregister. If the corresponding interrupt line is enabled in the Cortex-M0+ NVIC,
then the processor will take an interrupt each time data appears in its FIFO, or if it has performed some invalid FIFO
operation (read on empty, write on full). Typically Core 0 will use IRQ15 and core 1 will use IRQ16. If the IRQs are used the
other way round then it is difficult for the core that has been interrupted to correctly identify the reason for the interrupt as
the core doesnOt have access to the other coreOs FIFO status register.

The interrupt handler acknowledges theROEand WOHlags by writing any value to FIFO_ST The VLDflag is cleared by
reading data from the FIFO until empty.

The inter-processor FIFOs and the Cortex-M0+ Event signals are used by th#ootrom wait_for_vector routine, where core
1 remains in a sleep state until it is woken, and provided with its initial stack pointer, entry point and vector table through
the FIFO.
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2.3.1.5. Integer Divider

The SIO provides one 8-cycle signed/unsigned divide/modulo module to each of the cores. Calculation is started by
writing a dividend and divisor to the two argument registers,DIVIDEN@Nd DIVISORThe divider calculates the quotient/ and
remainder %of this division over the next 8 cycles, and on the 9th cycle the results can be read from the two result
registers DIV_QUOTIENT®&Nnd DIV_REMAINDERA 'ready' bit in registerDIV_CSRcan be polled to wait for the calculation to
complete, or software can insert a fixed 8-cycle delay.

Pico SDHKattps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_dividelined i8S 38

18 .macro __divider_delay
19  // delay 8 cycles

20 bif
21 1: b 1f
22 1: b 1f
23 1: b 1f
24 1:

25 .endm
26

27 .align 2
28

29 function_with_section hw_divider_divmod_s32

30 Idrr3, =(SIO_BASE)

31  strro, [r3, #SI0_DIV_SDIVIDEND OFFSET]

32 strrl, [r3, #SIO_DIV_SDIVISOR_OFFSET]

33  _ divider_delay

34/l return 64 bit value so we can efficiently return both (note quotient must be read
E last)

35  Idrri, [r3, #SIO_DIV_REMAINDER_OFFSET]

36  Idrro, [r3, #SI0_DIV_QUOTIENT _OFFSET]

37 bx Ir

' NOTE

Software is free to perform other non divider operations during these 8 cycles.

There are two aliases of the operand registers: writing to the signed alias{l\V_SDIVIDENRnd DIV_SDIVISORwill initiate
a signed calculation, and the other DIV_UDIVIDENRnd DIV_UDIVISORwiIll initiate an unsigned calculation.

Pico SDHattps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/hardware_divideliinase4s 52

44 function_with_section hw_divider_divmod_u32

45 |drr3, =(SIO_BASE)

46 str r0, [r3, #SI0_DIV_UDIVIDEND_OFFSET]

47  strri, [r3, #SI0_DIV_UDIVISOR_OFFSET]

48  _ divider_delay

49  // return 64 bit value so we can efficiently return both (note quotient must be read
E last)

50 Idrri, [r3, #SI0_DIV_REMAINDER_OFFSET]

51  Idrr0, [r3, #SIO_DIV_QUOTIENT_OFFSET]

52 bxlr
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' NOTE

A new calculation begins immediately with every write to an operand register, and a new operand write immediately
squashes any calculation currently in progress. For example, when dividing many numbers by the same divisor, onl
xDIVIDENDeeds to be written, and the signedness of each calculation is determined by whethe&DIVIDENDr UDIVIDEND
is written.

To support save and restore on interrupt handler entry/exit (or on e.g. an RTOS context switch), the result registers are
also writable. Writing to a result register will cancel any operation in progress at the time. Thé|V_CSEDIRTY flag can
help make save/restore more efficient: this flag is set whenany divider register (operand or result) is written to, and
cleared when the quotient is read.

' NOTE

When enabled, the default divider AEABI support maps C levéland %to the hardware divider. When building software
using the Pico SDK and using the divider directly, it is important to read the quotient registelast. This ensures the
partial divider state will be correctly saved and restored by any interrupt code that uses the divider. You should read
the quotient register whether you need the value or not.

The Pico SDK module pico_dividetttps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/common/pico_divider/
include/pico/divider.h provides both the AEABIlimplementation needed to hook the C/ and %operators for both 32-bit and
64-bit integer division, as well as some additional C functions that return quotients and remainders at the same time. All
of these functions correctly save and restore the hardware divider state (when dirty) so that they can be used in either
user or IRQ handler code.

The Pico SDK module hardware_dividerhttps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/
hardware_divider/include/hardware/divider.h provides lower level macros and helper functions for accessing the
hardware_divider, but these do not save and restore the hardware divider state (although this header does provide
separate functions to do so).

2.3.1.6. Interpolator

Each core is equipped with twointerpolators (INTERP@nd INTERPLWhich can accelerate tasks by combining certain pre-
configured operations into a single processor cycle. Intended for cases where the pre-configured operation is repeated
many times, this results in code which uses both fewer CPU cycles and fewer CPU registers in the time-critical sections of
the code.

The interpolators are used to accelerate audio operations within the Pico SDK, but their flexible configuration makes it
possible to optimise many other tasks such as quantization and dithering, table lookup address generation, affine texture
mapping, decompression and linear feedback.
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Figure 8. An
interpolator. The two
accumulator registers Base 0
and three base
registers have single-

cycle read/write Result 0 0 Sign-extend
access from the Accumulator 0 Right Shift ——» Mask 9 Result 0
fromMask
processor. The Result 1 L
interpolator is Accumulator 1
organised into two B
. ase

lanes, which perform Result2
masking, shifting and

. tensi Accumulator 0
sign-extension

9 R Result 0 1 S -
operations on the two Accumulator 1 Right Shift ———» Mask flgn-ex enk Result 1

i romMas|

accumulators. This Result 1 o

produces three

possible results, by
adding the Base 1
intermediate

shift/mask values to
the three base
registers. From left to
right, the multiplexers
oneachlaneare  processor can also perform an addition on one of the two accumulators ACCUM®r ACCUM1y writing to the corresponding

controlled by the - AccuMx_Afeister.
following flags in the -

CTRL registers: The three results are available in the read-only location®EEK(PEEKIPEEK2Reading from these locations does not change
CROSS_RESULT, . ) . . .

CROSS INPUT the state of the interpolator. The results are also aliased at the locationsPOPOPOP,IPOP2reading from aPOPalias returns
SIGNED, ADD_RAW.the same result as the correspondingPEEKxand simultaneously writes back the lane results to the accumulators. This can

be used to advance the state of interpolator each time a result is read.

The processor can write or read any interpolator register in one cycle, and the results are ready on the next cycle. The

Additionally the interpolator supports simple fractional blending between two values as well as clamping values such that
they lie within a given range.

The following example shows a trivial example ofpopping a lane result to produce simple iterative feedback.

Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines At - 23

11 void times_table () {

12 puts ("9 times table:" );
13
14 /I Initialise lane 0 on interp0 on this core
15 interp_config cfg = interp_default_config 0;
16 interp_set_config (interp0 , 0, &cfg );
17
18 interp0  ->accum[0] = O;
19 interp0  ->base[0] = 9;
20
21 for (int i =0; i < 10; ++i)
22 printf ("%d\n ", interp0 ->pop[ 0]);
23 }
I NOTE

By sheer coincidence, the interpolators are extremely well suited to SNES MODE7-style graphics routines. For examp
on each core, INTERPO can provide a stream of tile lookups for some affine transform, and INTERP1 can provid
offsets into the tiles for the same transform.

(GG

2.3.1.6.1. Lane Operations
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Figure 9. Each lane of
each interpolator can

be configured to Result 0 0 -
perform mask, shift Accumulator 0 » Right Shift —» Mask Sdpeen Pl ERES

. . fromMask (for PEEKO/ POPO)
and sign-extension on  Result 1 1
one of the Accumulator 1 Add to BASE2
accumulators. This is (forms part of
fed into adders which PEEK2/POP2)

produces final results,

which may optionally

be fed back into the  Each lane performs these three operations, in sequence:
accumulators with

each read. The ¥A right shift by CTRL_LANEx_SHi@rto 31 bits)

datapath can be
configured using a ¥A mask of bits from CTRL_LANEx_MASKtQSE'RL_LANEx_MASK inthisive (each ranging from bit 0 to bit 31)

handful of 32-bit
multiplexers. From left ¥A sign extension from the top of the mask, i.e. take bitCTRL_LANEx_MASK anglBOR it into all more-significant bits, if

to right, these are CTRL_LANEx_SIGN&Bet
controlled by the

following CTRL flags: For example, if:
CROSS_RESULT,

CROSS_INPUT, ¥ AccumaOxdeadbeef
SIGNED, ADD_RAW.
¥CTRL_LANEO_SHIFB
¥ CTRL_LANEO_MASK=.4B
¥ CTRL_LANEO_MASK=MESB
¥CTRL_SIGNEDL
Then lane 0 would produce the following results at each stage:
¥Right shift by 8 to produce 0x00deadbe
¥Mask bits 7 to 4 to produce 0x00deadbe & 0x000000fG= 0x000000b0

¥ sign-extend up from bit 7 to producexffffbo

In software:

Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines 2% - 46

25 void moving_mask () {

26 interp_config cfg = interp_default_config 0;

27 interp0  ->accum[ 0] = 0x1234abcd ;

28

29 puts ("Masking:" );

30 printf  ("ACCUMO = %08x\n ", interp0 ->accum][ 0]);

31 for (int i =0; i <8; ++i) {

32 /I LSB, then MSB. These are inclusive, so 0,31 means "the entire 32 bit register"
33 interp_config_mask (&efg, 1 * 4, i * 4 + 3);

34 interp_set_config (interp0 , 0, &cfg );

35 /I Reading from ACCUMx_ADD returns the raw lane shift and mask value, without BASEx
E added

36 printf ("Nibble %d: %08x \n", i, interp0 ->add_raw [ 0]);
37 }

38

39 puts ("Masking with sign extension:" );

40 interp_config_signed (&cfg , true );

41 for (int i =0; i <8 ++i) {

42 interp_config_mask (&efg, 1 * 4, i * 4 + 3);

43 interp_set_config (interp0 , 0, &cfg );

44 printf ("Nibble %d: %08x \n", i, interp0 ->add_raw [ 0]);
45 }

46 }

The above example should print:
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ACCUMO = 1234abcd
Nibble 0: 0000000d
Nibble 1: 000000c0
Nibble 2: 00000b00
Nibble 3: 00002000
Nibble 4: 00040000
Nibble 5: 00300000
Nibble 6: 02000000
Nibble 7: 10000000
Masking with sign extension:
Nibble 0: fffffffd
Nibble 1: ffffffcO
Nibble 2: fffffb00
Nibble 3: ffffa000
Nibble 4: 00040000
Nibble 5: 00300000
Nibble 6: 02000000
Nibble 7: 20000000

Changing the result and input multiplexers can create feedback between the accumulators. This is useful e.g. for audio
dithering.

Pico Examplebitps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLinesg& - 63

48 void cross_lanes () {

49 interp_config cfg = interp_default_config 0;
50 interp_config_cross_result (&cfg , true );

51 /I ACCUMO gets lane 1 result:

52 interp_set_config (interp0 , 0, &cfg);

53 /I ACCUML1 gets lane 0 result:

54 interp_set_config (interp0 , 1, &cfg);

65

56 interp0  ->accum[ 0] = 123;

57 interp0  ->accum[ 1] = 456;

58 interp0  ->base[0] = 1;

59 interp0 ->base[1] = O;

60 puts ("Lane result crossover:" );

61 for (int i =0; i < 10; ++i)

62 printf  ("PEEKO, POP1: %d, %d \n", interp0 ->peek[O0], interp0 ->pop][ 1]);
63 }

This should print:

PEEKO, POP1: 124, 456
PEEKO, POP1: 457, 124
PEEKO, POP1: 125, 457
PEEKO, POP1.: 458, 125
PEEKO, POP1: 126, 458
PEEKO, POP1: 459, 126
PEEKO, POP1: 127, 459
PEEKO, POP1: 460, 127
PEEKO, POP1: 128, 460
PEEKO, POP1: 461, 128
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2.3.1.6.2.

Blend Mode

Blend mode is available onINTERP®N each core, and is enabled by thecTRL_LANEO_BLEDtrol flag. It performs linear

interpolation, which we define as follows:

x = xo+ a(x; — xq), for0 < a<1

Where Xg is the register BASEOX; is the register BASEland a is a fractional value formed from the least significant 8 bits of
the lane 1 shift and mask value.

Blend mode has the following differences from normal mode:

¥ PEEKOPOPCeturn the 8-bit alpha value (the 8 LSBs of the lane 1 shift and mask value), with zeroes in result bits 31

down to 24.

¥ PEEKIPOPTEtUrn the linear interpolation betweenBASE@Nnd BASE1

¥PEEK,2POP:do not include lane 1 result in the addition (i.e. it iIBASEZ lane 0 shift and mask value)

The result of the linear interpolation is equal toBASEWwhen the alpha value is 0, and equal t®ASEG+ 255/256 * (BASEX
BASEPwhen the alpha value is all-ones.

Pico Examplekttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines s - 84

65 void
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84 }

simple_blendl () {

puts ( "Simple blend 1:" );
interp_config cfg = interp_default_config 0;
interp_config_blend (&cfg , true );

interp_set_config (interp0 , 0, &cfg );

cfg = interp_default_config 0;
interp_set_config (interp0 , 1, &cfg );

interp0 ->base[0] = 500;
interp0  ->base[ 1] = 1000;

for (int i =0; i <= 6; i++) {
/I set fraction to value between 0 and 255
interp0  ->accum[1] = 255 * i / 6;
/I A 500 + (1000 - 500) * i / 6;
printf  ("%d\n ", (int ) interp0 ->peek][ 1]);

This should print (note the 255/256 resulting in 998 not 1000):

500
582
666
748
832
914
998

CTRL_LANEL_SIGNBDtrols whether BASE@nd BASE&re sign-extended for this interpolation (this sign extension is required
because the interpolation produces an intermediate product value 40 bits in size)CTRL_LANEO_SIGNt®Rhtinues to control

the sign extension of the lane 0 intermediate result ilPEEKZPOPas normal.
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Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines8¢ - 118

E87 void print_simple_blend2_results (bool is_signed ) {
E8s /I lane 1 signed flag controls whether base 0/1 are treated as signed or unsigned
E89 interp_config cfg = interp_default_config 0;
E90 interp_config_signed (&cfg , is_signed );

E91 interp_set_config (interp0 , 1, &cfg);

E92

E93 for (int i =0; i <=6; i++) {

E94 interp0 ->accum[1] = 255 * i / 6;

E95 if (is_signed ) {

E96 printf ~ ("%d\n", (int ) interp0 ->peek][ 1]);
E97 1 else {

E98 printf  ("0x%08x\n ", (uint ) interp0 ->peek|[ 1]);
E99 }

100 1

101 }

102

103 void simple_blend2 () {

104 puts ("Simple blend 2:" );

105

106 interp_config cfg = interp_default_config 0;
107 interp_config_blend (&cfg , true );

108 interp_set_config (interp0 , 0, &cfg );

109

110 interp0 ->base[0] = -1000;

111 interp0 ->base[1] = 1000;

112

113 puts ("signed:" );

114 print_simple_blend2_results (true );

115

116 puts ("unsigned:" );

117 print_simple_blend2_results (false );

118 }

This should print:

signed:
-1000

-672

-336

-8

328

656

992
unsigned:
Oxfffffc18
0xd5fffd60
Oxaafffeb0
0x80fffff8
0x56000148
0x2c000290
0x010003e0

Finally, in blend mode when using theBASE_1ANDegister to send a 16-bit value to each oBASE@nd BASEWwith a single 32-
bit write, the sign-extension of these 16-bit values to full 32-bit values during the write is controlled bg TRL_LANE1_SIGK@&D
both bases, as opposed to non-blend-mode operation, whereCTRL_LANEO_SIGN&ffects extension into BASEOand
CTRL_LANE1_SIGaffects extension into BASE1
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Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLinesrd21 - 142

121 void simple_blend3 () {

122 puts ("Simple blend 3:" );

123

124 interp_config cfg = interp_default_config 0;
125 interp_config_blend (&cfg , true );

126 interp_set_config (interp0 , 0, &cfg);

127

128 cfg = interp_default_config 0;

129 interp_set_config (interp0 , 1, &cfg);

130

131 interp0 ->accum[ 1] = 128;

132 interp0  -> base01 = 0x30005000 ;

133 printf  ("0x%08x\n ", (int ) interp0 ->peek][ 1]);
134 interp0  ->base01 = 0xe000f000 ;

135 printf  ("0x%08x\n ", (int ) interp0 ->peek][ 1]);
136

137 interp_config_signed (&cfg , true );

138 interp_set_config (interp0 , 1, &cfg);

139

140 interp0  ->base01 = 0xe000f000 ;

141 printf  ("0x%08x \n ", (int ) interp0 ->peek][ 1]);
142 }

This should print:

0x00004000
0x0000e800
Ox(ffffe800

2.3.1.6.3. Clamp Mode

Clamp mode is available onINTERPDN each core, and is enabled by thecTRL_LANEO_CL&®Rtrol flag. In clamp mode, the
PEEKIPOPOresult is the lane value (shifted, masked, sign-extendedrCCUlyi@lamped between BASECand BASELIn other
words, if the lane value is greater thanBASEla value ofBASEis produced; if less thanBASEQa value ofBASEGs produced;
otherwise, the value passes through. No addition is performed. The signedness of these comparisons is controlled by the
CTRL_LANEO_SIGKI&D.

Other than this, the interpolator behaves the same as in normal mode.

Pico Examplebitps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines188 - 206

188 void clamp () {

189 puts ("Clamp:" );

190 interp_config cfg = interp_default_config 0;
191 interp_config_clamp (&cfg , true );

192 interp_config_shift (&cfg , 2);

193 /I set mask according to new position of sign bit..

194 interp_config_mask (&cfg , 0, 29);

195 /I ...so that the shifted value is correctly sign extended
196 interp_config_signed (&cfg , true );

197 interp_set_config (interpl , 0, &cfg);

198

199 interpl ->base[0] = O;

200 interpl ->base[1] = 255;

201

202 for (int i = -1024; i <= 1024; i += 256) {
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203 interpl ->accum[0] = i;

204 printf  ("%d\t %dn ", i, (int ) interpl ->peek][0]);
205 }

206 }

This should print:

-1024 0
-768 0
512 0
-256 0

0 0

256 64
512 128
768 192
1024 255

2.3.1.6.4. Sample Use Case: Linear Interpolation

Linear interpolation is a more complete example of using blend mode in conjunction with other interpolator functionality:

In this example, ACCUMS used to track a fixed point (integer/fraction) position within a list of values to be interpolated.
Lane 0 is used to produce an address into the value array for the integer part of the position. The fractional part of the
position is shifted to produce a value from 0-255 for the blend. The blend is performed between two consecutive values in
the array.

Finally the fractional position is updated via a single write toACCUMO_ADD. RAW

Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_releaselinterp/hello_interp/helloLinesi44 - 186

144 void linear_interpolation 0 {

145 puts ("Linear interpolation:" );

146 const int uv_fractional_bits = 12;

147

148 // for lane O

149 /1 shift and mask XXXX XXXX XXXX XXXX XXXX FFFF FFFF FFFF (accum 0)
150 Il to 0000 0000 000X XXXX XXXX XXXX XXXX XXX0

151 /l'i.e. non fractional part times 2 (for uint16_t)

152 interp_config cfg = interp_default_config 0;

153 interp_config_shift (&cfg , uv_fractional_bits - 1)
154 interp_config_mask (&cfg , 1, 32 - uv_fractional_bits );
155 interp_config_blend (&cfg , true );

156 interp_set_config (interp0 , 0, &cfg);

157

158 // for lane 1

159 11 shift XXXX XXXX XXXX XXXX XXXX FFFF FFFF FFFF (accum O via cross input)
160 /l'to 0000 XXXX XXXX XXXX XXXX FFFF FFFF FFFF

161

162 cfg = interp_default_config 0;

163 interp_config_shift (&cfg , uv_fractional_bits - 8);
164 interp_config_signed (&cfg , true );

165 interp_config_cross_input (&cfg , true ); //signed blending
166 interp_set_config (interp0 , 1, &cfg);

167

168 intl6_t samples [ = {0, 10, -20, -1000, 500},

169

170 /I step is 1/4 in our fractional representation

171 uint step = (1 << uv_fractional_bits ) | 4
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172

173 interp0 ->accum[0] = 0; //initial sample_offset;

174 interp0  ->base[2] = (uintptr_t ) samples ;

175 for (int i =0; i < 16; i++) {

176 I result2 = samples + (lane0 raw result)

177 /l'i.e. ptr to the first of two samples to blend between

178 intl6_t  *sample_pair = (intl6_t *) interp0 ->peek]2];
179 interp0 ->base[0] = sample_pair [O0];

180 interp0  ->base[ 1] = sample_pair [1];

181 printf  ("%d\t (%d%% between %d and %d) \n ", (int ) interp0 ->peek][ 1],
182 100 * (interp0 ->add_raw [1] & Oxff ) / Oxff ,
183 sample_pair [0], sample_pair [1]);

184 interp0  ->add_raw [ 0] = step ;

185 }

186 }

This should print:

0 (0% between 0 and 10)

2 (25% between 0 and 10)
5 (50% between 0 and 10)
7 (75% between 0 and 10)
10 (0% between 10 and -20)

2 (25% between 10 and -20)

-5 (50% between 10 and -20)

-13  (75% between 10 and -20)

-20 (0% between -20 and -1000)
-265 (25% between -20 and -1000)
-510 (50% between -20 and -1000)
-755 (75% between -20 and -1000)
-1000 (0% between -1000 and 500)
-625 (25% between -1000 and 500)
-250 (50% between -1000 and 500)
125 (75% between -1000 and 500)

This method is used for fast approximate audio upscaling in the Pico SDK

2.3.1.6.5. Sample Use Case: Simple Affine Texture Mapping

Simple affine texture mapping can be implemented by using fixed point arithmetic for texture coordinates, and stepping a
fixed amount in each coordinate for every pixel in a scanline. The integer part of the texture coordinates are used to form

an address within the texture to lookup a pixel color.

By using two lanes, all three base values and the€TRL_LANEx_ADD_fiagyit is possible to reduce what would be quite an

expensive CPU operation to a single cycle iteration using the interpolator.

Pico Examplekttps://github.com/raspberrypi/pico-examples/tree/pre_release/interp/hello_interp/helloLines2@9 - 267

209 void texture_mapping_setup (uint8_t  *texture , uint texture_width_bits ,
E texture_height_bits ,

210 uint  uv_fractional_bits ) {

211 interp_config cfg = interp_default_config 0;

212 /I set add_raw flag to use raw (un-shifted and un-masked) lane accumulator value when
E adding

213 /I it to the the lane base to make the lane result

214 interp_config_add_raw (&cfg , true );

215 interp_config_shift (&cfg , uv_fractional_bits );

216 interp_config_mask (&cfg , 0, texture_width_bits - 1)
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217
218
219
220

221

226 void
E uint

E 1)

ER

248 void

258
259
260
261
262
263
264
265
266
267 }

interp_set_config (interp0 , 0, &cfg);

interp_config_shift (&cfg , uv_fractional_bits - texture_width_bits
interp_config_mask (&cfg , texture_width_bits , texture_width_bits

interp_set_config (interp0 , 1, &cfg);

interp0 ->base[2] = (uintptr_t ) texture ;

texture_mapped_span  (uint8_t  *output , uint32_t u, uint32_t v,
count ) {
I u, v are texture coordinates in fixed point with uv_fractional_bits fractional bits
/I du, dv are texture coordinate steps across the span in same fixed point.
interp0 ->accum[0] = u;
interp0  ->base[ 0] = du;
interp0 ->accum[1] = v;
interp0 ->base[1] = dv;
for (uint i =0; i < count; i++) {
/I equivalent to

s

+ texture_height_bits

uint32_t

/I uint32_t sm_result0 = (accumO >> uv_fractional_bits) & (1 << (texture_width_bits -

/l'uint32_t sm_resultl = (accuml >> uv_fractional_bits) & (1 << (texture_height_bits

/I uint8_t *address = texture + sm_resultO + (sm_resultl << texture_width_bits);

I output]i] = *address;
/I accumO = du + accumo;
/I accum1 = dv + accumi;

/I result2 is the texture address for the current pixel;
/I popping the result advances to the next iteration
output [i] = *(uint8_t *) interp0 ->popl[ 2];

texture_mapping () {
puts ( "Affine Texture mapping (with texture wrap):" );

uint8_t  texture [] = {

0x00, 0x01, 0x02, 0x03,

0x10, Ox11, Ox12, O0x13,

0x20, O0x21, O0x22, O0x23,

0x30, Ox31, 0x32, 0x33,
h
I 4x4 texture
texture_mapping_setup (texture , 2, 2, 16);
uint8_t  output [ 12];
uint32_t  du = 65536 / 2; //stepofl/2
uint32_t dv = 65536 / 3; //stepofl/3
texture_mapped_span (output , 0, O, du, dv, 12);

for (uint i = 0; i < 12; i++) {
printf  ("0x%02x\n ", output [i]);

This should print:

0x00
0x00
0x01
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0x01
0x12
0x12
0x13
0x23
0x20
0x20
0x31
0x31

TODO: GRAHAM: Any other sample use cases?

2.3.1.7. List of Registers

Table 15. Listof SIO [ ey Name Info
registers

0x000 CPUID Processor core identifier

0x004 GPIO_IN Input value for GPIO pins

0x008 GPIO_HI_IN Input value for QSPI pins

0x010 GPIO_OUT GPIO output value

0x014 GPIO_OUT_SET GPIO output value set

0x018 GPIO_OUT_CLR GPIO output value clear

0x01c GPIO_OUT_XOR GPIO output value XOR

0x020 GPIO_OE GPIO output enable

0x024 GPIO_OE_SET GPIO output enable set

0x028 GPIO_OE_CLR GPIO output enable clear

0x02c GPIO_OE_XOR GPIO output enable XOR

0x030 GPIO_HI_OUT QSPI output value

0x034 GPIO_HI_OUT_SET QSPI output value set

0x038 GPIO_HI_OUT_CLR QSPI output value clear

0x03c GPIO_HI_OUT_XOR QSPI output value XOR

0x040 GPIO_HI_OE QSPI output enable

0x044 GPIO_HI_OE_SET QSPI output enable set

0x048 GPIO_HI_OE_CLR QSPI output enable clear

0x04c GPIO_HI_OE_XOR QSPI output enable XOR

0x050 FIFO_ST Status register for inter-core FIFOs (mailboxes).

0x054 FIFO_WR Write access to this coreOs TX FIFO

0x058 FIFO_RD Read access to this coreOs RX FIFO

0x05¢ SPINLOCK_ST Spinlock state

0x060 DIV_UDIVIDEND Divider unsigned dividend

0x064 DIV_UDIVISOR Divider unsigned divisor

0x068 DIV_SDIVIDEND Divider signed dividend
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Offset Name Info

0x06¢c DIV_SDIVISOR Divider signed divisor

0x070 DIV_QUOTIENT Divider result quotient

0x074 DIV_REMAINDER Divider result remainder

0x078 DIV_CSR Control and status register for divider.

0x080 INTERPO_ACCUMO Read/write access to accumulator 0

0x084 INTERPO_ACCUML1 Read/write access to accumulator 1

0x088 INTERPO_BASEO Read/write access to BASEO register.

0x08c INTERPO_BASE1 Read/write access to BASEL1 register.

0x090 INTERPO_BASE?2 Read/write access to BASE?2 register.

0x094 INTERPO_POP_LANEO Read LANEO result, and simultaneously write lane results to both
accumulators (POP).

0x098 INTERPO_POP_LANEL1 Read LANEL1 result, and simultaneously write lane results to both
accumulators (POP).

0x09c INTERPO_POP_FULL Read FULL result, and simultaneously write lane results to both
accumulators (POP).

0x0a0 INTERPO_PEEK_LANEO Read LANEQO result, without altering any internal state (PEEK).

0x0a4 INTERPO_PEEK_LANE1 Read LANEL1 result, without altering any internal state (PEEK).

0x0a8 INTERPO_PEEK_FULL Read FULL result, without altering any internal state (PEEK).

Ox0ac INTERPO_CTRL_LANEO Control register for lane 0

0x0b0 INTERPO_CTRL_LANE1 Control register for lane 1

0x0b4 INTERPO_ACCUMO_ADD Values written here are atomically added to ACCUMO

0x0b8 INTERPO_ACCUM1_ADD Values written here are atomically added to ACCUM1

0x0bc INTERPO_BASE_1ANDO On write, the lower 16 bits go to BASEO, upper bits to BASE1
simultaneously.

0x0c0 INTERP1_ACCUMO Read/write access to accumulator 0

0x0c4 INTERP1_ACCUM1 Read/write access to accumulator 1

0x0c8 INTERP1_BASEO Read/write access to BASEQO register.

0x0cc INTERP1_BASE1 Read/write access to BASEL1 register.

0x0d0 INTERP1_BASE?2 Read/write access to BASE?2 register.

0x0d4 INTERP1_POP_LANEO Read LANEQO result, and simultaneously write lane results to both
accumulators (POP).

0x0d8 INTERP1_POP_LANE1 Read LANEL result, and simultaneously write lane results to both
accumulators (POP).

0x0dc INTERP1_POP_FULL Read FULL result, and simultaneously write lane results to both
accumulators (POP).

0x0e0 INTERP1_PEEK_LANEO Read LANEQO result, without altering any internal state (PEEK).

0x0e4 INTERP1_PEEK_LANE1 Read LANEL result, without altering any internal state (PEEK).

0x0e8 INTERP1_PEEK_FULL Read FULL result, without altering any internal state (PEEK).

2.3. Processor subsystem

47



RP2040 Datasheet

0x0ec INTERP1_CTRL_LANEO Control register for lane 0

0x0f0 INTERP1_CTRL_LANE1 Control register for lane 1

0x0f4 INTERP1_ACCUMO_ADD Values written here are atomically added to ACCUMO

0x0f8 INTERP1_ACCUM1_ADD Values written here are atomically added to ACCUM1

0x0fc INTERP1_BASE_1ANDO On write, the lower 16 bits go to BASEO, upper bits to BASE1
simultaneously.

0x100 SPINLOCKO

0x104 SPINLOCK1

0x108 SPINLOCK2

0x10c SPINLOCK3

0x110 SPINLOCK4

0x114 SPINLOCKS

0x118 SPINLOCKG6

Ox1lc SPINLOCK7

0x120 SPINLOCK8

0x124 SPINLOCK9

0x128 SPINLOCK10

0x12c SPINLOCK11

0x130 SPINLOCK12

0x134 SPINLOCK13

0x138 SPINLOCK14

0x13c SPINLOCK15

0x140 SPINLOCK16

0x144 SPINLOCK17

0x148 SPINLOCK18

0x14c SPINLOCK19

0x150 SPINLOCK20

0x154 SPINLOCK21

0x158 SPINLOCK22

0x15¢c SPINLOCK23

0x160 SPINLOCK?24

0x164 SPINLOCK25

0x168 SPINLOCK26

0x16¢ SPINLOCK27

0x170 SPINLOCK28

0x174 SPINLOCK29
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0x178 SPINLOCK30

0x17c SPINLOCK31

CPUID Register

Description
Processor core identifier

Table 16. CPUID
Register

31:0 NONAME Value is 0 when read from processor core 0, and 1 when | RO -
read from processor core 1.

GPIO_IN Register

Description

Input value for GPIO pins

Table 17. GPIO_IN
Register

31:30 Reserved. - - -

29:0 NONAME Input value for GPIOOE29 RO 0x00000000

GPIO_HI_IN Register

Description

Input value for QSPI pins

Table 18. GPIO_HI_|
Register

31:6 Reserved. - - -

5:0 NONAME Input value on QSPI 10 in order 0..5: SCLK, SSn, SD0O, SD1RO 0x00
SD2, Sb3

GPIO_OUT Register

Description

GPIO output value

2.3. Processor subsystem 49



RP2040 Datasheet

Tabl_e 19. GPIO_OUT pjs Name Description Type Reset
Register
31:30 Reserved. - - -
29:0 NONAME Set output level (1/0 -> high/low) for GPIO0E29. RW 0x00000000
Reading back gives the last value written, NOT the input
value from the pins.
If core 0 and core 1 both write to GPIO_OUT simultaneously
(or to a SET/CLR/XOR alias),
the result is as though the write from core 0 took place
first,
and the write from core 1 was then applied to that
intermediate result.
GPIO_OUT_SET Register
Description
GPIO output value set
Table 20. Bits Name Description Type Reset
GPIO_OUT_SET
Register 31:30 | Reserved. - - -
29:0 NONAME Perform an atomic bit-set on GPIO_OUT, i.&PIO_OUT |= RW 0x00000000
wdata
GPIO_OUT_CLR Register
Description
GPIO output value clear
Table 21. Bits Name Description Type Reset
GPIO_OUT_CLR
Register 31:30 | Reserved. - - -
29:0 NONAME Perform an atomic bit-clear on GPIO_OUT, i.&PIO_OUT &=| RW 0x00000000
~wdata
GPIO_OUT_XOR Register
Description
GPIO output value XOR
Table 22. Bits Name Description Type Reset
GPIO_OUT_XOR
Register 31:30 | Reserved. - - -
29:0 NONAME Perform an atomic bitwise XOR on GPIO_OUT, i.ePIO_OUT RW 0x00000000
A= wdata

GPIO_OE Register

Description

GPIO output enable
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Table 23. GPIO_OE

) Bits Name Description Type Reset
Register
31:30 Reserved. - - -
29:0 NONAME Set output enable (1/0 -> output/input) for GPIOOE29. RW 0x00000000
Reading back gives the last value written.
If core 0 and core 1 both write to GPIO_OE simultaneously
(or to a SET/CLR/XOR alias),
the result is as though the write from core 0 took place
first,
and the write from core 1 was then applied to that
intermediate result.
GPIO_OE_SET Register
Description
GPIO output enable set
Table 24. | Bits Name Description Type Reset
GPIO_OE_SET Regis
31:30 Reserved. - - -
29:0 NONAME Perform an atomic bit-set on GPIO_OE, i.&PIO_OE |= wdata| RW 0x00000000
GPIO_OE_CLR Register
Description
GPIO output enable clear
Table 25, | Bits Name Description Type Reset
GPIO_OE_CLR Regis
31:30 Reserved. - - -
29:0 NONAME Perform an atomic bit-clear on GPIO_OE, i.&PIO_OE &= RW 0x00000000
~wdata
GPIO_OE_XOR Register
Description
GPIO output enable XOR
Table 26. Bits Name Description Type Reset
GPIO_OE_XOR
Register 31:30 | Reserved. - - -
29:0 NONAME Perform an atomic bitwise XOR on GPIO_OE, i.ePIO_OE "5 RW 0x00000000
wdata

GPIO_HI_OUT Register

Description

QSPI output value
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Table 27.
GPIO_HI_OUT Regist

Table 28.
GPIO_HI_OUT_SET

Register

Table 29.
GPIO_HI_OUT_CLR

Register

Table 30.
GPIO_HI_OUT_XOR

Register

Bits Name Description Type Reset
31:6 Reserved. - - -
5:0 NONAME Set output level (1/0 -> high/low) for QSPI I00ES. RW 0x00
Reading back gives the last value written, NOT the input
value from the pins.
If core 0 and core 1 both write to GPIO_HI_OUT
simultaneously (or to a SET/CLR/XOR alias),
the result is as though the write from core 0 took place
first,
and the write from core 1 was then applied to that
intermediate result.
GPIO_HI_OUT_SET Register
Description
QSPI output value set
Bits Name Description Type Reset
31:6 Reserved. - - -
5:0 NONAME Perform an atomic bit-set on GPIO_HI_OUT, i.ePIO_HI_OUTRW 0x00
|= wdata
GPIO_HI_OUT_CLR Register
Description
QSPI output value clear
Bits Name Description Type Reset
31:6 Reserved. - - -
5:0 NONAME Perform an atomic bit-clear on GPIO_HI_OUT, i.e. RW 0x00
GPIO_HI_OUT &= ~wdata
GPIO_HI_OUT_XOR Register
Description
QSPI output value XOR
Bits Name Description Type Reset
31:6 Reserved. - - -
5:0 NONAME Perform an atomic bitwise XOR on GPIO_HI_OUT, i.e. RW 0x00
GPIO_HI_OUT "= wdata

GPIO_HI_OE Register

Description

QSPI output enable
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Tabl_e 81.GPIO_HLO pits Name Description Type Reset
Register
31:6 Reserved. - - -
5:0 NONAME Set output enable (1/0 -> output/input) for QSPI IO0ES. RW 0x00
Reading back gives the last value written.
If core 0 and core 1 both write to GPIO_HI_OE
simultaneously (or to a SET/CLR/XOR alias),
the result is as though the write from core 0 took place
first,
and the write from core 1 was then applied to that
intermediate result.
GPIO_HI_OE_SET Register
Description
QSPI output enable set
Table 32. Bits Name Description Type Reset
GPIO_HI_OE_SET
Register 31:6 Reserved. - - -
5:0 NONAME Perform an atomic bit-set on GPIO_HI_OE, i.ePIO_HI_OE | RW 0x00
wdata
GPIO_HI_OE_CLR Register
Description
QSPI output enable clear
Table 33. Bits Name Description Type Reset
GPIO_HI_OE_CLR
Register 31:6 Reserved. - - -
5:0 NONAME Perform an atomic bit-clear on GPIO_HI_OE, i.ePIO_HI_OE| RW 0x00
&= ~wdata
GPIO_HI_OE_XOR Register
Description
QSPI output enable XOR
Table 3. Bits Name Description Type Reset
GPIO_HI_OE_XOR
Register 31:6 Reserved. - - -
5:0 NONAME Perform an atomic bitwise XOR on GPIO_HI_OE, i.e. RwW 0x00
GPIO_HI_OE "= wdata
FIFO_ST Register
Description
Status register for inter-core FIFOs (mailboxes).
There is one FIFO in the core 0 -> core 1 direction, and one core 1 -> core 0.
Both are 32 bits wide and 8 words deep.
Core 0 can see the read side of the 1->0 FIFO (RX), and the write side of 0->1 FIFO (TX).
Core 1 can see the read side of the 0->1 FIFO (RX), and the write side of 1->0 FIFO (TX).
Table 35. FIFO_ST | gjtg Name Description Type Reset

Register

31:4 Reserved. - =
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3 ROE Sticky flag indicating the RX FIFO was read when empty. | WC 0x0
This read was ignored by the FIFO.

2 WOF Sticky flag indicating the TX FIFO was written when full. wcC 0x0
This write was ignored by the FIFO.

1 RDY Value is 1 if this coreOs TX FIFO is not full (i.e. if FIFO_WR RO 0x1
ready for more data)

0 VLD Value is 1 if this coreOs RX FIFO is not empty (i.e. if FIFO_|FD 0x0
is valid)

FIFO_WR Register

Description
Write access to this coreOs TX FIFO

Table 36. FIFO_WR
Register

310 NONAME WF 0x00000000

FIFO_RD Register

Description
Read access to this coreOs RX FIFO

Table 37. FIFO_RD

Register
31:.0 NONAME RF -
SPINLOCK_ST Reqgister
Description
Spinlock state
A bitmap containing the state of all 32 spinlocks (1=locked).
Mainly intended for debugging.
Table 38.
SPINLOCK_ST
Register 31:0  |NONAME RO 0x00000000
DIV_UDIVIDEND Register
Description
Divider unsigned dividend
Write to the DIVIDEND operand of the divider, i.e. the pjr/ q .
Any operand write starts a new calculation. The results appear in QUOTIENT, REMAINDER.
UDIVIDEND/SDIVIDEND are aliases of the same internal register. The U alias starts an
unsigned calculation, and the S alias starts a signed calculation.
Table 39.
DIV_UDIVIDEND
Register 31.0 NONAME RW 0x00000000

DIV_UDIVISOR Register
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Table 40.
DIV_UDIVISOR
Register

Table 41.
DIV_SDIVIDEND
Register

Table 42.
DIV_SDIVISOR
Register

Table 43.
DIV_QUOTIENT
Register

Description

Divider unsigned divisor

Write to the DIVISOR operand of the divider, i.e. the q i q .

Any operand write starts a new calculation. The results appear in QUOTIENT, REMAINDER.
UDIVIDEND/SDIVIDEND are aliases of the same internal register. The U alias starts an
unsigned calculation, and the S alias starts a signed calculation.

Bits Name Description Type Reset

31:0 NONAME RW 0x00000000

DIV_SDIVIDEND Register

Description

Divider signed dividend
The same as UDIVIDEND, but starts a signed calculation, rather than unsigned.

Bits Name Description Type Reset

31.0 NONAME RW 0x00000000

DIV_SDIVISOR Register

Description

Divider signed divisor
The same as UDIVISOR, but starts a signed calculation, rather than unsigned.

Bits Name Description Type Reset

31:0 NONAME RW 0x00000000

DIV_QUOTIENT Register

Description

Divider result quotient

The result of DIVIDEND / DIVISORdivision). Contents undefined while CSR_READY is low.

For signed calculations, QUOTIENT is negative when the signs of DIVIDEND and DIVISOR differ.
This register can be written to directly, for context save/restore purposes. This halts any
in-progress calculation and sets the CSR_READY and CSR_DIRTY flags.

Reading from QUOTIENT clears the CSR_DIRTY flag, so should read results in the order
REMAINDER, QUOTIENT if CSR_DIRTY is used.

Bits Name Description Type Reset

310 NONAME RW 0x00000000

DIV_REMAINDER Register

Description

Divider result remainder

The result of DIVIDEND % DIVISQmodulo). Contents undefined while CSR_READY is low.
For signed calculations, REMAINDER is negative only when DIVIDEND is negative.
This register can be written to directly, for context save/restore purposes. This halts any
in-progress calculation and sets the CSR_READY and CSR_DIRTY flags.
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Table 44. Bits Name Description Type Reset
DIV_REMAINDER
Register 31:0 NONAME RW 0x00000000

DIV_CSR Register

Description

Control and status register for divider.

Tabl_e 45.DIV_CSR | pijtg Name Description Type Reset
Register
31:2 Reserved. - - -
1 DIRTY Changes to 1 when any register is written, and backto 0 | RO 0x0
when QUOTIENT is read.
Software can use this flag to make save/restore more
efficient (skip if not DIRTY).
If the flag is used in this way, itOs recommended to either
read QUOTIENT only,
or REMAINDER and then QUOTIENT, to prevent data loss
on context switch.
0 READY Reads as 0 when a calculation is in progress, 1 otherwise. | RO 0x1
Writing an operand (xDIVIDEND, xDIVISOR) will
immediately start a new calculation, no
matter if one is already in progress.
Writing to a result register will immediately terminate any
in-progress calculation
and set the READY and DIRTY flags.
INTERPO_ACCUMO Register
Description
Read/write access to accumulator 0
Table 46. Bits Name Description Type Reset
INTERPO_ACCUMO
Register 310 NONAME RW 0x00000000
INTERPO_ACCUML1 Register
Description
Read/write access to accumulator 1
Table 47. Bits Name Description Type Reset
INTERPO_ACCUM1
Register 310 NONAME RW 0x00000000

INTERPO_BASEQ Register

Description

Read/write access to BASEO register.
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Table 48.
INTERPO_BASEO
Register 31:.0 NONAME RW 0x00000000
INTERPO_BASE1 Register
Description
Read/write access to BASEL1 register.
Table 49.
INTERPO_BASE1
Register 31.0 NONAME RW 0x00000000
INTERPO_BASE?2 Register
Description
Read/write access to BASE2 register.
Table 50.
INTERPO_BASE2
Register 31:.0 NONAME RW 0x00000000
INTERPO_POP_LANEO Register
Description
Read LANEQO result, and simultaneously write lane results to both accumulators (POP).
Table 51.
INTERPO_POP_LAN
Register : NONAME 0x00000000
INTERPO_POP_LANE1 Regjister
Description
Read LANEL result, and simultaneously write lane results to both accumulators (POP).
Table 52.
INTERPO_POP_LAN
Register : NONAME 0x00000000
INTERPO_POP_FULL Register
Description
Read FULL result, and simultaneously write lane results to both accumulators (POP).
Table 53.
INTERPO_POP_FUL
Register : NONAME 0x00000000

INTERPO_PEEK_LANEO Register

Description

Read LANEDO result, without altering any internal state (PEEK).
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Table 54.

Bits Name Description Type Reset
INTERPO_PEEK_LA|
0 Register 310 NONAME RO 0x00000000
INTERPO_PEEK_LANEL1 Register
Description
Read LANEZ1 result, without altering any internal state (PEEK).
Table 55, Bits Name Description Type Reset
INTERPO_PEEK_LA|
1 Register 310 NONAME RO 0x00000000
INTERPO_PEEK_FULL Register
Description
Read FULL result, without altering any internal state (PEEK).
Table 56. Bits Name Description Type Reset
INTERPO_PEEK_FUL|
Register 310 NONAME RO 0x00000000
INTERPO_CTRL_LANEO Register
Description
Control register for lane 0
Table 57. Bits Name Description Type Reset
INTERPO_CTRL_LAN
0 Register 31:26 | Reserved. - - -
25 OVERF Set if either OVERFO or OVERF1 is set. RO 0x0
24 OVERF1 Indicates if any masked-off MSBs in ACCUML1 are set. RO 0x0
23 OVERFO Indicates if any masked-off MSBs in ACCUMO are set. RO 0x0
22 Reserved. - - -
21 BLEND Only present on INTERPO on each core. If BLEND mode iss RW 0x0
enabled:

- LANEL1 result is a linear interpolation between BASEO anc
BASEL, controlled

by the 8 LSBs of lane 1 shift and mask value (a fractional
number between

0 and 255/256ths)

- LANEQO result does not have BASEO added (yields only th
8 LSBs of lane 1 shift+mask value)

- FULL result does not have lane 1 shift+mask value added
(BASE2 + lane 0 shift+mask)

LANE1 SIGNED flag controls whether the interpolation is
signed or unsigned.

1%

20:19 FORCE_MSB ORed into bits 29:28 of the lane result presented to the RW 0x0
processor on the bus.

No effect on the internal 32-bit datapath. Handy for using a
lane to generate sequence

of pointers into flash or SRAM.

18 ADD_RAW If 1, mask + shift is bypassed for LANEO result. This does | RW 0x0
not affect FULL result.
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Bits Name Description Type Reset

17 CROSS_RESULT | If 1, feed the opposite laneOs result into this laneOs RW 0x0
accumulator on POP.

16 CROSS_INPUT | If 1, feed the opposite laneOs accumulator into this laneOs| RW 0x0
shift + mask hardware.

Takes effect even if ADD_RAW is set (the CROSS_INPUT
mux is before the shift+mask bypass)

15 SIGNED If SIGNED is set, the shifted and masked accumulator valueRW 0x0
is sign-extended to 32 bits

before adding to BASEO, and LANEO PEEK/POP appear
extended to 32 bits when read by processor.

14:10 MASK_MSB The most-significant bit allowed to pass by the mask RW 0x00
(inclusive)
Setting MSB < LSB may cause chip to turn inside-out

9:5 MASK_LSB The least-significant bit allowed to pass by the mask RW 0x00
(inclusive)
4:0 SHIFT Logical right-shift applied to accumulator before masking | RW 0x00

INTERPO_CTRL_LANE1 Register

Description

Control register for lane 1

Table 58.

Bits Name Description Type Reset
INTERPO_CTRL_LAN

1 Register 31:21 Reserved. - ) )

20:19 FORCE_MSB ORed into bits 29:28 of the lane result presented to the RW 0x0
processor on the bus.

No effect on the internal 32-bit datapath. Handy for using a
lane to generate sequence

of pointers into flash or SRAM.

18 ADD_RAW If 1, mask + shift is bypassed for LANEL1 result. This does | RW 0x0
not affect FULL result.

17 CROSS_RESULT | If 1, feed the opposite laneOs result into this laneOs RW 0x0
accumulator on POP.

16 CROSS_INPUT | If 1, feed the opposite laneOs accumulator into this laneOs| RW 0x0
shift + mask hardware.

Takes effect even if ADD_RAW is set (the CROSS_INPUT
mux is before the shift+mask bypass)

15 SIGNED If SIGNED is set, the shifted and masked accumulator valueRW 0x0
is sign-extended to 32 bits

before adding to BASE1, and LANE1 PEEK/POP appear
extended to 32 bits when read by processor.

14:10 MASK_MSB The most-significant bit allowed to pass by the mask RW 0x00
(inclusive)
Setting MSB < LSB may cause chip to turn inside-out

9:5 MASK_LSB The least-significant bit allowed to pass by the mask RW 0x00
(inclusive)
4:0 SHIFT Logical right-shift applied to accumulator before masking | RW 0x00
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INTERPO_ACCUMO_ADD Register

Description

Values written here are atomically added to ACCUMO
Reading yields lane 00s raw shift and mask value (BASEO not added).

Table 59. Bits Name Description Type Reset
INTERPO_ACCUMO_
D Register 31:24 | Reserved. - - -
23:.0 NONAME RW 0x000000
INTERPO_ACCUM1_ADD Register
Description
Values written here are atomically added to ACCUM1
Reading yields lane 10s raw shift and mask value (BASE1 not added).
Table 60. Bits Name Description Type Reset
INTERPO_ACCUM1_,
D Register 31:24 | Reserved. - - -
23:0 NONAME RW 0x000000
INTERPO_BASE_1ANDO Register
Description
On write, the lower 16 bits go to BASEO, upper bits to BASE1 simultaneously.
Each half is sign-extended to 32 bits if that laneOs SIGNED flag is set.
Table 61. Bits Name Description Type Reset
INTERPO_BASE_1A|
0 Register 31:0 NONAME WO 0x00000000
INTERP1_ACCUMO Register
Description
Read/write access to accumulator O
Table 62. Bits Name Description Type Reset
INTERP1_ACCUMO
Register 31:0 NONAME RW 0x00000000
INTERP1_ACCUML1 Register
Description
Read/write access to accumulator 1
Table 63. Bits Name Description Type Reset
INTERP1_ACCUML1
Register 31:0 NONAME RW 0x00000000

INTERP1_BASEO Register

Description

Read/write access to BASEQO register.
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Table 64.
INTERP1_BASEO
Register 31:.0 NONAME RW 0x00000000
INTERP1_BASE1 Register
Description
Read/write access to BASEL1 register.
Table 65.
INTERP1_BASE1
Register 31.0 NONAME RW 0x00000000
INTERP1_BASE2 Register
Description
Read/write access to BASE2 register.
Table 66.
INTERP1_BASE2
Register 31:.0 NONAME RW 0x00000000
INTERP1_POP_LANEO Register
Description
Read LANEQO result, and simultaneously write lane results to both accumulators (POP).
Table 67.
INTERP1_POP_LAN
Register : NONAME 0x00000000
INTERP1_POP_LANE1 Regjister
Description
Read LANEL result, and simultaneously write lane results to both accumulators (POP).
Table 68.
INTERP1_POP_LAN
Register : NONAME 0x00000000
INTERP1_POP_FULL Register
Description
Read FULL result, and simultaneously write lane results to both accumulators (POP).
Table 69.
INTERP1_POP_FUL
Register : NONAME 0x00000000

INTERP1_PEEK_LANEO Register

Description

Read LANEDO result, without altering any internal state (PEEK).
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Table 70.
INTERP1_PEEK_LAI

0 Register

Table 71.
INTERP1_PEEK_LAI

1 Register

Table 72.
INTERP1_PEEK_FUL

Register

Table 73.
INTERP1_CTRL_LAN

0 Register

Bits Name Description Type Reset
310 NONAME RO 0x00000000
INTERP1_PEEK_LANE1 Register
Description
Read LANEZ1 result, without altering any internal state (PEEK).
Bits Name Description Type Reset
310 NONAME RO 0x00000000
INTERP1_PEEK_FULL Register
Description
Read FULL result, without altering any internal state (PEEK).
Bits Name Description Type Reset
310 NONAME RO 0x00000000
INTERP1_CTRL_LANEO Register
Description
Control register for lane 0
Bits Name Description Type Reset
31:26 Reserved. - - -
25 OVERF Set if either OVERFO or OVERF1 is set. RO 0x0
24 OVERF1 Indicates if any masked-off MSBs in ACCUML1 are set. RO 0x0
23 OVERFO Indicates if any masked-off MSBs in ACCUMO are set. RO 0x0
22 CLAMP Only present on INTERP1 on each core. If CLAMP mode is RW 0x0
enabled:
- LANEQO result is shifted and masked ACCUMO, clamped by
a lower bound of
BASEO and an upper bound of BASE1.
- Signedness of these comparisons is determined by
LANEO_CTRL_SIGNED
21 Reserved. - - -
20:19 FORCE_MSB ORed into bits 29:28 of the lane result presented to the RW 0x0
processor on the bus.
No effect on the internal 32-bit datapath. Handy for using a
lane to generate sequence
of pointers into flash or SRAM.
18 ADD_RAW If 1, mask + shift is bypassed for LANEO result. This does | RW 0x0
not affect FULL result.
17 CROSS_RESULT | If 1, feed the opposite laneOs result into this laneOs RW 0x0

accumulator on POP.
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Bits Name Description Type Reset
16 CROSS_INPUT | If 1, feed the opposite laneOs accumulator into this laneOs| RW 0x0
shift + mask hardware.
Takes effect even if ADD_RAW is set (the CROSS_INPUT
mux is before the shift+mask bypass)
15 SIGNED If SIGNED is set, the shifted and masked accumulator valueRW 0x0
is sign-extended to 32 bits
before adding to BASEO, and LANEO PEEK/POP appear
extended to 32 bits when read by processor.
14:10 MASK_MSB The most-significant bit allowed to pass by the mask RW 0x00
(inclusive)
Setting MSB < LSB may cause chip to turn inside-out
9:5 MASK_LSB The least-significant bit allowed to pass by the mask RW 0x00
(inclusive)
4:0 SHIFT Logical right-shift applied to accumulator before masking | RW 0x00
INTERP1_CTRL_LANE1 Register
Description
Control register for lane 1
Table 74. Bits Name Description Type Reset
INTERP1_CTRL_LAN
1 Register 31:21 |Reserved. - - -
20:19 FORCE_MSB ORed into bits 29:28 of the lane result presented to the RW 0x0
processor on the bus.
No effect on the internal 32-bit datapath. Handy for using a
lane to generate sequence
of pointers into flash or SRAM.
18 ADD_RAW If 1, mask + shift is bypassed for LANEL result. This does | RW 0x0
not affect FULL result.
17 CROSS_RESULT | If 1, feed the opposite laneOs result into this laneOs RW 0x0
accumulator on POP.
16 CROSS_INPUT | If 1, feed the opposite laneOs accumulator into this laneOs| RW 0x0
shift + mask hardware.
Takes effect even if ADD_RAW is set (the CROSS_INPUT
mux is before the shift+mask bypass)
15 SIGNED If SIGNED is set, the shifted and masked accumulator valueRW 0x0
is sign-extended to 32 bits
before adding to BASE1, and LANE1 PEEK/POP appear
extended to 32 bits when read by processor.
14:10 MASK_MSB The most-significant bit allowed to pass by the mask RW 0x00
(inclusive)
Setting MSB < LSB may cause chip to turn inside-out
9:5 MASK_LSB The least-significant bit allowed to pass by the mask RW 0x00
(inclusive)
4:0 SHIFT Logical right-shift applied to accumulator before masking | RW 0x00

INTERP1_ACCUMO_ADD Register
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Description

Values written here are atomically added to ACCUMO
Reading yields lane 00s raw shift and mask value (BASEO not added).

Table 75.
INTERP1_ACCUMO_

D Register

Table 76.
INTERP1_ACCUML_,
D Register

Table 77.
INTERP1_BASE_1Al
0 Register

Table 78. SPINLOCK

Registers

2.3. Processor

Bits Name Description Type Reset
31:24 Reserved. - - -
23:0 NONAME RW 0x000000
INTERP1_ACCUM1_ADD Regjister
Description
Values written here are atomically added to ACCUM1
Reading yields lane 10s raw shift and mask value (BASE1 not added).
Bits Name Description Type Reset
31:24 Reserved. - - -
23:0 NONAME RW 0x000000
INTERP1_BASE_1ANDO Register
Description
On write, the lower 16 bits go to BASEO, upper bits to BASE1 simultaneously.
Each half is sign-extended to 32 bits if that laneOs SIGNED flag is set.
Bits Name Description Type Reset
31:.0 NONAME WO 0x00000000
SPINLOCKO Registers
Bits Name Description Type Reset
RO 0x00000001

310 NONAME

Reading from a spinlock address will:
- Return 0 if lock is already locked
- Otherwise return nonzero, and simultaneously claim the

lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

SPINLOCK1 Register

subsystem
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Table 79. SPINLOCK1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000002

SPINL

OCK2 Register

Table 80. SPINLOCKZ
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000004

SPINL

OCK3 Register

Table 81. SPINLOCKSY
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

2.3. Processor s

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000008

SPINLOCKA4 Register

ubsystem
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Table 82. SPINLOCK4
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000010

SPINL

OCKS5 Register

Table 83. SPINLOCKSE
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000020

SPINL

OCK®6 Register

Table 84. SPINLOCKE
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000040

SPINLOCKY Register
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Table 85. SPINLOCK7

Register

Table 86. SPINLOCKE

Register

Table 87. SPINLOCKS

Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000080

SPINL

OCK8 Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000100

SPINL

OCK?9 Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000200

SPINLOCK10 Register

2.3. Processor subsystem

67



RP2040 Datasheet

Table 88. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000400

SPINL

OCK11 Register

Table 89. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00000800

SPINL

OCK12 Register

Table 90. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00001000

SPINLOCK13 Register
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Table 91. SPINLOCK1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00002000

SPINL

OCK14 Reqgister

Table 92. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00004000

SPINL

OCK15 Register

Table 93. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00008000

SPINLOCK16 Register
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Table 94. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00010000

SPINL

OCK17 Register

Table 95. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00020000

SPINL

OCK18 Register

Table 96. SPINLOCK]1
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00040000

SPINLOCK19 Register
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Table 97. SPINLOCK1
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00080000

SPINL

OCK20 Register

Table 98. SPINLOCKZ
Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00100000

SPINL

OCK21 Register

Table 99. SPINLOCKZ
Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00200000

SPINLOCK22 Register
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Table 100.

SPINLOCK?22 Registe;

Table 101.

SPINLOCK23 Registe|

Table 102.
SPINLOCK24 Registe,

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00400000

SPINL

OCK23 Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x00800000

SPINL

OCK24 Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x01000000

SPINLOCK?25 Register
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Table 103.

SPINLOCK25 Registe;

Table 104.

SPINLOCK26 Registe|

Table 105.
SPINLOCK27 Registe,

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x02000000

SPINL

OCK26 Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x04000000

SPINL

OCK27 Reqgister

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x08000000

SPINLOCK?28 Register
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Table 106.

SPINLOCK28 Registe|

Table 107.

SPINLOCK29 Registe|

Table 108.
SPINLOCK30 Registe,

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x10000000

SPINL

OCK29 Register

Bits

Name

Description

Type

Reset

31:.0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x20000000

SPINL

OCK30 Register

Bits

Name

Description

Type

Reset

31:0

NONAME

Reading from a spinlock address will:

- Return 0 if lock is already locked

- Otherwise return nonzero, and simultaneously claim the
lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

RO

0x40000000

SPINLOCK31 Register
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Table 109.
SPINLOCK31 Registe;

Bits Name Description Type Reset

31:.0 NONAME Reading from a spinlock address will: RO 0x80000000
- Return 0 if lock is already locked
- Otherwise return nonzero, and simultaneously claim the

lock

Writing (any value) releases the lock.

If core 0 and core 1 attempt to claim the same lock
simultaneously, core 0 wins.

The value returned on success is 0x1 << lock number.

Table 110. Interrupts

2.3.2. Interrupts

Each core is equipped with a standard ARM Nested Vectored Interrupt Controller (NVIC) which has 32 interrupt inputs.
Each NVIC has the same interrupts routed to it, with the exception of the GPIO interrupts: there is one GPIO interrupt per
bank, per core. These are completely independent, so e.g. core O can be interrupted by GPIO 0 in bank 0, and core 1 by
GPIO 1 in the same bank.

On RP2040, only the lower 26 IRQ signals are connected on the NVIC, and IRQs 26 to 31 are tied to zero (never firing). The
core can still be forced to enter the relevant interrupt handler by writing bits 26 to 31 in the NVIGPRregister.

2.3. Processor s

IRQ | Interrupt Source | IRQ | Interrupt Source | IRQ | Interrupt Source | IRQ | Interrupt Source | IRQ | Interrupt Source
0 |TIMERIRQO |6 |XIP_IRQ 12 |DMA_IRQ_1 18 | SPIO_IRQ 24 |12c1_IRQ

1 |TIMER_RQ 1 |7 |[PIOO_IRQ O 13 [I0_IRQ_BANKO |19 |[SPI1_IRQ 25 |RTC_IRQ

2 |TIMERIRQ 2 |8 |PIOO_IRQ_1 14 [10_IRQ_QSPI 20 | UARTO_IRQ

3 |TIMERIRQ 3 |9 |PIOI_IRQO 15 [SIO_IRQ_PROCO |21 |UARTL_IRQ

4 | PWM_IRQ_WRAP| 10 |PIO1_IRQ_1 16 |[SIO_IRQ_PROC1 |22 |ADC_IRQ_FIFO

5 |USBCTRL_IRQ |11 |DMA_IRQ 0 17 |CLOCKS_IRQ |23 |12C0_IRQ

The 26 system IRQ signals are masked (NMI mask) and then ORed together creating the NMI signal for the core. The NMI
mask for each core can be configured usingPROCO_NMI_MASKand PROC1_NMI_MASHKn the Syscfg register block.
Each of these registers has one bit for each system interrupt, and the each coreOs NMI is asserted if a system interrupt is
asserted and the corresponding NMI mask bit is set for that core.

CAUTION

o

If the watchdog is armed, and some bits are set on the core 1 NMI mask, the RESETS block (and hence Syscfg) shou
be included in the watchdog reset list. Otherwise, following a watchdog event, core 1 NMI may be asserted when th¢
core enter the bootrom. It is safe for core O to take an NMI when entering the bootrom (the handler will clear the NM
mask).

2.3.3. Event Signals

The Cortex-M0O+ can enter a sleep state until an "event" (or interrupt) takes place, using th&FHnstruction. It can also
generate events, using theSEvinstruction. On RP2040 the event signals are cross-wired between the two processors, so
that an event sent by one processor will be received on the other.
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Figure 10. RP2040
Debugging

' NOTE

the event flag is "sticky", so if both processors send an eventgEY simultaneously, and then both go to sleep (vFE they
will both wake immediately, rather than getting stuck in a sleep state.

While in awFEor WF) sleep state, the processor can shut off its internal clock gates, consuming much less power. When
both processors are sleeping, and the DMA is inactive, RP2040 as a whole can enter a sleep state, disabling clocks on
unused infrastructure such as the busfabric, and waking automatically when one of the processors wakes. Se&ection
2.10.2.

2.3.4. Debug

The 2-wire Serial Wire Debug (SWD) port provides access to hardware and software debug features including:
¥Loading firmware into SRAM or external flash memory
¥C0ntrol of processor execution: run/halt, step, set breakpoints, other standard Arm debug functionality
¥Access to processor architectural state
¥Access to memory and memory-mapped IO via the system bus

The SWD bus is exposed on two dedicated pins and is immediately available after power-on.

Debug access is via independent DAPs (one per core) attached to a shared multidrop SWD bus (SWD v2). Each DAP will
only respond to debug commands if correctly addressed by a SWDrARGETSEbmmand; all others tristate their outputs.
Additionally, a Rescue DP (see sectiorsection 2.3.4.29) is available which is connected to system control features. Default
addresses of each debug port are given below:

¥ Core 0:0x01002927
¥ Core 1:0x11002927
¥ Rescue DP0x{1002927

The Instance IDs (top 4 bits of ID above) can be changed via a sysconfig register which may be useful in a multichip
application. However note that ID=0xf is reserved for the internal Rescue DP (see sectid®ection 2.3.4.2).

sys_cfg.proc0_dap_instid

l Processors
10]
DAP_0O
D= = Core0
SWD DP-0| AP
— > )
sweuk [«—swo-» Multidrop
~——— SWDIO—»| .
E ?] arbiter DAP_1 Corel
DP-1| AP
A [
SWD
Rescue DA

pam_restart sys_cfg.procl_dap_instid

TO DO: LIAM: Link to getting started book for practical use of how to do this

2.3.4.1. Software control of SWD pins

The SWD pins for Core 0 and Core 1 can be bit-banged via registers in syscfg (sée8BGFORCJE This means that Core 1
could run a USB application that allows debug of Core 0, or similar.

2.3.4.2. Rescue DP

The Rescue DP (debug port) is available over the SWD bus and is only intended for use in the specific case where the chip
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has locked up, for example if code has been programmed into flash which permanently halts the system clock: in such a
case, the normal debugger can not communicate with the processors to return the system to a working state, so more
drastic action is needed. Arescue is invoked by setting theCDBGPWRUPRE®it in the Rescue DPOs CTRL/STAT register.

This causes a hard reset of the chip (functionally similar to a power-on-reset), and sets a flag in the Chip Level Reset block
to indicate that a rescue reset took place. The bootrom checks this flag almost immediately in the initial boot process
(before watchdog, flash or USB boot), acknowledges by clearing the bit, then halts the processor. This leaves the system
in a safe state, with the system clock running, so that the debugger can reattach to the cores and load fresh code.

TO DO: LIAM: link to example of how to do this in the getting started/hardare design or similar book

2.4. Cortex-MO+

ARM Documentation

Excerpted from the Cortex-MO+ Technical Reference ManualUsed with permission.

The ARM Cortex-MO+ processor is a very low gate count, highly energy efficient processor that is intended for
microcontroller and deeply embedded applications that require an area optimized, low-power processor.

2.4.1. Features

The ARM Cortex-MO0+ processor features and benefits are:
¥Tight integration of system peripherals reduces area and development costs.
¥Thumb instruction set combines high code density with 32-bit performance.
¥Support for single-cycle 1/O access.
¥ Power control optimization of system components.
¥Integrated sleep modes for low-power consumption.
¥ Fast code execution enables running the processor with a slower clock or increasing sleep mode time.
¥ Optimized code fetching for reduced flash and ROM power consumption.
¥Hardware multiplier.
¥Deterministic, high-performance interrupt handling for time-critical applications.
¥Deterministic instruction cycle timing.
¥Support for system level debug authentication.

¥ Serial Wire Debug reduces the number of pins required for debugging.

2.4.1.1. Interfaces

The interfaces included in the processor for external access include:
¥Externa| AHB-Lite interface to busfabric
¥Debug Access Port (DAP)

¥Sing|e-cycle 1/0 Port to SIO peripherals
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2.4.1.2. Configuration

Each processor is configured with the following features:
¥Architectural clock gating (for power saving)
¥Little Endian bus access
¥Four Breakpoints
¥Debug support (via 2-wire debug pinsSSWESWCDHK
¥32-bit instruction fetch (to match 32-bit data bus)
¥IOPORT (for low latency access to local peripherals (se&10)
¥26 interrupts
¥8 MPU regions
¥AII registers reset on powerup
¥ Fast multiplier (MULS 32x32 single cycle)
¥ SysTick timer
¥Vector Table Offset Register {{ TOR
¥34 WIC (Wake-up Interrupt Controller) lines (32 IRQ and NMI, RXEV)
¥DAP feature: Halt event support
¥DAP feature: SerialWire debug interface (protocol 2 with multidrop support)
¥DAP feature: Micro Trace Buffer (MTB) is not implemented

Architectural clock gating allows the processor core to support SLEEP and DEEPSLEEP power states by disabling the
clock to parts of the processor core. Note that power gating is not supported.

Each MO+ core has its own interrupt controller which can individually mask out interrupt sources as required. The same
interrupts are routed to both MO+ cores.

2.4.1.3. ARM architecture

The processor implements the ARMv6-M architecture profile. See theARMv6-M Architecture Reference Manualand for
further details refer to the ARM Cortex MO+ Technical Reference Manual

2.4.2. Functional Description

2.4.2.1. Overview

The Cortex-MO+ processor is a configurable, multistage, 32-bit RISC processor. It has an AMBA AHB-Lite interface and
includes an NVIC component. It also has hardware debug, single-cycle I/O interfacing, and memory-protection
functionality. The processor can execute Thumb code and is compatible with other Cortex-M profile processors.

Figure 11 shows the functional blocks of the processor and surrounding blocks.
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Figure 11. Cortex MO+
Functional block
diagram
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2.4.2.2. Features

The MO+ features:

¥The ARMvV6-M Thumb™ instruction set.

¥ Thumb-2 technology.

¥ An ARMv6-M compliant 24-bit SysTick timer.

¥A 32-bit hardware multiplier. This is the standard single-cycle multiplier

¥ The ability to have deterministic, fixed-latency, interrupt handling.

¥Load/store multiple instructions that can be abandoned and restarted to facilitate rapid interrupt handling.

¥C Application Binary Interface compliant exception model. This is the ARMv6-M, C Application Binary Interface (C-
ABI) compliant exception model that enables the use of pure C functions as interrupt handlers.

¥Low power sleep-mode entry using Wait For Interrupt (WFI), Wait For Event (WFE) instructions, or the return from
interrupt sleep-on-exit feature.

2.4.2.3. NVIC features

The Nested Vectored Interrupt Vontroller (NVIC) features are:

¥ 26 external interrupt inputs, each with four levels of priority.

¥Dedicated Non-Maskable Interrupt (NMI) input (which can be driven from any standard interrupt source)
¥ Support for both level-sensitive and pulse-sensitive interrupt lines.

¥Wake-up Interrupt Controller (WIC), providing ultra-low power sleep mode support.

¥Re|ocatable vector table.

Further details available inSection 2.4.5

2.4.2.4. Debug features

Debug features are:

2.4. Cortex-MO+

¥Four hardware breakpoints.
¥TWO watchpoints.
¥Program Counter Sampling Register (PCSR) for non-intrusive code profiling.

¥Sing|e step and vector catch capabilities.
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¥Support for unlimited software breakpoints using BKPT instruction.

¥N0n-intrusive access to core peripherals and zero-waitstate system slaves through a compact bus matrix. A
debugger can access these devices, including memory, even when the processor is running.

¥Fu|l access to core registers when the processor is halted.

¥C0reSight compliant debug access through a Debug Access Port (DAP) supporting Serial Wire debug connections.

2.4.2.4.1. Debug Access Port

The processor is implemented with a low gate count Debug Access Port (DAP). The low gate count Debug Access Port
(DAP) provides a Serial Wire debug-port, and connects to the processor slave port to provide full system-level debug
access. For more information on DAP, see the ADI v5.1 version of the ARM Debug Interface v5, Architecture Specification

2.4.2.5. MPU features

Memory Protection Unit (MPU) features are:
¥Eight user-configurable memory regions.
¥Eight sub-region disables per region.
¥ Execute never (XN) support.
¥Defau|t memory map support.

Further details available inSection 2.4.6

2.4.2.6. AHB-Lite interface

Transactions on the AHB-Lite interface are always marked as non-sequential. Processor accesses and debug accesses
share the external interface to external AHB peripherals. The processor accesses take priority over debug accesses. Any
vendor specific components can populate this bus.

' NOTE

Instructions are only fetched using the AHB-Lite interface. To optimize performance, the Cortex-MO+ processo
fetches ahead of the instruction it is executing. To minimize power consumption, the fetch ahead is limited to a
maximum of 32 bits.

2.4.2.7. Single-cycle 1/0O port

The processor implements a single-cycle 1/0 port that provides high speed access to tightly-coupled peripherals, such as
general-purpose-I/O (GPIO). The port is accessible both by loads and stores from either the processor or the debugger.
You cannot execute code from the I/O port.

2.4.2.8. Power Management Unit

Each processor has its own Power Management Unit (PMU) which allows power saving by turning off clocks to parts of
the processor core. There are no separate power domains on RP2040.

The PMU runs from the processor clock which is controlled from the chip level clocks block. The PMU can control the
following clock domains within the processor:

¥A debug clock containing the processor debug resources and the rest of the DAP.

¥A system clock containing the NVIC.
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¥A processor clock containing the core and associated interfaces
Control is limited to clock enable/disable. When enabled, all domains run at the same clock speed.

The PMU also interfaces with the WIC, to ensure that power-down and wake-up behaviors are transparent to software and
work with clocking and sleeping requirements. This includes SLEEP or DEEPSLEEP support as controlledsibRregister.

2.4.2.8.1. Power Management

RP2040 ARM Cortex MO+ uses ARMv6-M which supports the use of Wait For InterruptF) and Wait For Event \WFE
instructions as part of system power management:

WFIprovides a mechanism for hardware support of entry to one or more sleep states. Hardware can suspend execution
until a wakeup event occurs.

WFBprovides a mechanism for software to suspend program execution until a wakeup condition occurs with minimal or no
impact on wakeup latency. Both WFland WFEare hint instructions that might have no effect on program execution.
Normally, they are used in software idle loops that resume program execution only after an interrupt or event of interest
occurs.

NOTE

Code usingWFmnd WFimust handle any spurious wakeup events caused by a debug halt or other reasons.

Refer to the SDK and ARMv6-M guide for further information.

2.4.2.8.2. Wait For Event and Send Event

RP2040 can support software-based synchronization to system events using the Send-EventSEY and WFEhint
instructions. Software can:

¥use the WFHnstruction to indicate that it is able to suspend execution of a process or thread until an event occurs,
permitting hardware to enter a low power state.

¥re|y on a mechanism that is transparent to software and provides low latency wakeup.

The WFEmechanism relies on hardware and software working together to achieve energy saving. For example, stalling
execution of a processor until a device or another processor has set a flag:

¥the hardware provides the mechanism to enter thewFgow-power state.
¥software enters a polling loop to determine when the flag is set;
¥the polling processor issues awFHnstruction as part of a polling loop if the flag is clear.
¥an event is generated (hardware interrupt or Send-Event instruction from another processor) when the flag is set.
WFBvake up events
The following events arewFBvake up events:
¥the execution of an SEMnstruction on the other processor
¥any exception entering the pending state if SEVONPEND in the System Control Register is set to 1.
¥an asynchronous exception at a priority that preempts any currently active exceptions.
¥a debug event with debug enabled.
The Event Register

The Event Register is a single bit register. When set, an Event Register indicates that an event has occurred, since the
register was last cleared, that might prevent the processor having to suspend operation on issuing &vFgnstruction. The
following conditions apply to the Event Register:

¥A reset clears the Event Register.
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¥ Any wrmvakeup event, or the execution of an exception return instruction, sets the Event Register.
¥ A wFiinstruction clears the Event Register.
¥Software cannot read or write the value of the Event Register directly.

The Send-Event instruction

The Send-Event $EY instruction causes an event to be signaled to the other processor. The Send-Event instruction
generates a wakeup event.

The Wait For Event instruction
The action of the WFEnstruction depends on the state of the Event Register:
¥If the Event Register is set, the instruction clears the register and returns immediately.

¥|f the Event Register is clear the processor can suspend execution and enter a low-power state. It can remain in that
state until the processor detects a WFBvakeup event or a reset. When the processor detects avFivakeup event, the
WFENnstruction completes.

WFE wakeup events can occur before awFEnstruction is issued. Software using the WFEmechanism must tolerate
spurious wake up events, including multiple wakeups.

2.4.2.8.3. Wait For Interrupt

RP2040 supports Wait For Interrupt through the hint instruction WF!

When a processor issues awFlinstruction it can suspend execution and enter a low-power state. It can remain in that
state until the processor detects one of the following WFI wake up events:

¥A reset.

¥An asynchronous exception at a priority that, if PRIMASK.PM was set to 0, would preempt any currently active
exceptions.

Note

If PRIMASK.Pig set to 1, an asynchronous exception that has a higher group priority than any active exception
results in a WFlinstruction exit. If the group priority of the exception is less than or equal to the execution group
priority, the exception is ignored.

¥|f debug is enabled, a debug event.
¥ A wFiwakeup event.
The WFlinstruction completes when the hardware detects a WFI wake up event, or earlier if the implementation chooses.

The processor recognizes WFI wake up events only after issuing thevFiinstruction.

2.4.2.8.4. Wakeup Interrupt Controller

The Wakeup Interrupt Controller (WIC) is used to wake the processor from a DEEPSLEEP state as controlled by ther
register. In a DEEPSLEEP state clocks to the processor core and NVIC are not running. It can take a few cycles to wake
from a DEEPSLEEP state.

The WIC takes inputs from the receive event signal (from the other processor), 32 interrupts lines, and NMI.

For more power saving, RP2040 supports system level power saving modes as defined irsection 2.10 which also
includes code examples.

2.4.2.9. Reset Control

The Cortex MO+ Reset Control block controls the following resets:

82



RP2040 Datasheet

Table 111. Cortex-MO
instruction summary

2.4. Cortex-MO+

¥Debug reset
¥M0+ core reset
¥PMU reset

After power up, both processors are released from reset (see details irbection 2.12.2). This releases reset to Debug, MO+
core and PMU.

Once running, resets can be triggered from the Debugger, NVIC (usingRCFSYSRESETREQr the RP2040 Power On State

Machine controller (see details inPower-On State Maching. The NVIC only resets the Cortex-M0+ processor core (not the

Debug or PMU), whereas the Power On State Machine controller can reset the processor subsystem which asserts all
resets in the subsystem (Debug, MO+ core, PMU).

2.4.3. ProgrammerOs model

2.4.3.1. About the programmerOs model

The ARMv6-M Architecture Reference Manual provides a complete description of the programmerOs model. This chapter
gives an overview of the Cortex-MO+ programmerOs model that describes the implementation-defined options. It also
contains the ARMv6-M Thumb instructions it uses and their cycle counts for the processor. Additional details are in
following chapters

¥Section 2.4 4Asummarizes the system control features of the programmerOs model.
¥Secti0n 2.4.5summarizes the NVIC features of the programmerOs model.

¥ Section 2.3.4summarizes the Debug features of the programmerOs model.

2.4.3.2. Modes of operation and execution

See the ARMv6-M Architecture Reference Manual for information about the modes of operation and execution.

2.4.3.3. Instruction set summary

The processor implements the ARMv6-M Thumb instruction set, including a number of 32-bit instructions that use
Thumb-2 technology. The ARMv6-M instruction set comprises:

¥AII of the 16-bit Thumb instructions from ARMv7-M excluding CBZ, CBNZ and IT.
¥ The 32-bit Thumb instructions BL, DMB, DSB, I1SB, MRS and MSR.

Table 111 shows the Cortex-MO+ instructions and their cycle counts. The cycle counts are based on a system with zero
wait-states.

Operation Description Assembler Cycles

Move 8-bit immediate MOVS Rd, #<imm> 1
Loto Lo MOVS Rd, Rm 1
Any to Any MOV Rd, Rm 1
Any to PC MOV PC, Rm 2

Add 3-bit immediate ADDS Rd, Rn, #<imm> 1
All registers Lo ADDS Rd, Rn, Rm 1
Any to Any ADD Rd, Rd, Rm 1
Any to PC ADD PC, PC, Rm 2
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Operation Description Assembler Cycles
8-bit immediate ADDS Rd, Rd, #<imm> 1
With carry ADCS Rd, Rd, Rm 1
Immediate to SP ADD SP, SP, #<imm> 1
Form address from SP ADD Rd, SP, #<imm> 1
Form address from PC ADR Rd, <label> 1
Subtract Lo and Lo SUBS Rd, Rn, Rm 1
3-bit immediate SUBS Rd, Rn, #<imm> 1
8-bit immediate SUBS Rd, Rd, #<imm> 1
With carry SBCS Rd, Rd, Rm 1
Immediate from SP SUB SP, SP, #<imm> 1
Negate RSBS Rd, Rn, #0 1
Multiply Multiply MULS Rd, Rm, Rd 1
Compare Compare CMP Rn, Rm 1
Negative CMN Rn, Rm 1
Immediate CMP Rn, #<imm> 1
Logical AND ANDS Rd, Rd, Rm 1
Exclusive OR EORS Rd, Rd, Rm 1
OR ORRS Rd, Rd, Rm 1
Bit clear BICS Rd, Rd, Rm 1
Move NOT MVNS Rd, Rm 1
AND test TST Rn, Rm 1
Shift Logical shift left by immediate LSLS Rd, Rm, #<shift> 1
Logical shift left by register LSLS Rd, Rd, Rs 1
Logical shift right by immediate LSRS Rd, Rm, #<shift> 1
Logical shift right by register LSRS Rd, Rd, Rs 1
Arithmetic shift right ASRS Rd, Rm, #<shift> 1
Arithmetic shift right by register ASRS Rd, Rd, Rs 1
Rotate Rotate right by register RORS Rd, Rd, Rs 1
Load Word, immediate offset LDR Rd, [Rn, #<imm>] 2or1®
Halfword, immediate offset LDRH Rd, [Rn, #<imm>] 2or1®
Byte, immediate offset LDRB Rd, [Rn, #<imm>] 2or1®
Word, register offset LDR Rd, [Rn, Rm] 2o0r1®
Halfword, register offset LDRH Rd, [Rn, Rm] 2or1®
Signed halfword, register offset LDRSH Rd, [Rn, Rm] 2o0r1®
Byte, register offset LDRB Rd, [Rn, Rm] 2or1?
Signed byte, register offset LDRSB Rd, [Rn, Rm] 2or1®

2.4. Cortex-MO+
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Operation Description Assembler Cycles
PC-relative LDR Rd, <label> 2o0r1*
SP-relative LDR Rd, [SP, #<imm>] 2o0r1®
Multiple, excluding base LDM Rn!, {<loreglist>} 1+NP
Multiple, including base LDM Rn, {<loreglist>} 1+NP
Store Word, immediate offset STR Rd, [Rn, #<imm>] 2o0r1®
Halfword, immediate offset STRH Rd, [Rn, #<imm>] 2o0r1®
Byte, immediate offset STRB Rd, [Rn, #<imm>] 2o0r1°
Word, register offset STR Rd, [Rn, Rm] 2o0r1®
Halfword, register offset STRH Rd, [Rn, Rm] 2orl®
Byte, register offset STRB Rd, [Rn, Rm] 2or1®
SP-relative STR Rd, [SP, #<imm>] 2or1?
Multiple STM Rn!, {<loreglist>} 1+NP
Push Push PUSH {<loreglist>} 1+NP
Push with link register PUSH {<loreglist>, LR} 1+N°¢
Pop Pop POP {<loreglist>} 1+NP
Pop and return POP {<loreglist>, PC} 3+N°
Branch Conditional B<cc> <label> lor2
Unconditional B <label> 2
With link BL <label> 3
With exchange BX Rm 2
With link and exchange BLX Rm 2
Extend Signed halfword to word SXTH Rd, Rm 1
Signed byte to word SXTB Rd, Rm 1
Unsigned halfword UXTH Rd, Rm 1
Unsigned byte UXTB Rd, Rm 1
Reverse Bytes in word REV Rd, Rm 1
Bytes in both halfwords REV16 Rd, Rm 1
Signed bottom half word REVSH Rd, Rm 1
State change Supervisor Call SVC #<imm> -
Disable interrupts CPSIDi 1
Enable interrupts CPSIE i 1
Read special register MRS Rd, <specreg> 3
Write special register MSR <specreg>, Rn 3
Breakpoint BKPT #<imm> -
Hint Send-Event SEV 1
Wait For Event WFE 2f
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Table 112. MO+
Default memory map
usage

2.4. Cortex-MO+

Operation Description Assembler Cycles
Wait For Interrupt WFI 2f
Yield YIELD 1
No operation NOP 1
Barriers Instruction synchronization ISB 3
Data memory DMB 3
Data synchronization DSB 3
Table Notes

22 if to AHB interface or SCS, 1 if to single-cycle 1/O port.

® N is the number of elements in the list.

¢ N is the number of elements in the list including PC or LR.
92 if taken, 1 if not-taken.

¢ Cycle count depends on processor and debug configuration.
f Excludes time spent waiting for an interrupt or event.

9 Executes as NOP.

See the ARMv6-M Architecture Reference Manual for more information about the ARMv6-M Thumb instructions.

2.4.3.4. Memory model

The processor contains a bus matrix that arbitrates the processor core and Debug Access Port (DAP) memory accesses
to both the external memory system and to the internal NVIC and debug components.

Priority is always given to the processor to ensure that any debug accesses are as non-intrusive as possible. For a zero
wait-state system, all debug accesses to system memory, NVIC, and debug resources are completely non-intrusive for
typical code execution.

The system memory map is ARMv6-M architecture compliant, and is common both to the debugger and processor
accesses. Transactions are routed as follows:

¥AII accesses below 0xd0000000or above Oxefffffff ~ appear as AHB-Lite transactions on the AHB-Lite master port of
the processor.

¥Acessses in the rangeoxd000000ato Oxdfffffff ~ are handled by the SIO.

¥Accesses in the range0xe0000000to Oxefffffff ~ are handled within the processor and do not appear on the AHB-Lite
master port of the processor.

The processor supports only word size accesses in the rangexd0000000- Oxefffffff

Table 112 shows the code, data, and device suitability for each region of the default memory map. This is the memory
map used by implementations when the MPU is disabled. The attributes and permissions of all regions, except that
targeting the Cortex-MO+ NVIC and debug components, can be modified using an implemented MPU.

Address range Code Data Device
0xf0000000 - Oxffffffff No No Yes
0xe0000000- Oxefffffff No No No 2
0xa0000000- Oxdfffffff No No Yes
0x60000000- Ox9fffffff Yes Yes No
0x40000000- Ox5fffffff No No Yes
0x20000000- Ox3fffffff Yes Yes No
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Address range Code Data Device

0x00000000- Ox 1 fffffff Yes Yes No

2, Space reserved for Cortex-MO+ NVIC and debug components.

Note

Regions not marked as suitable for code behave as eXecute-Never (XN) and generate a HardFault exception if code
attempts to execute from this location.

See the ARMv6-M Architecture Reference Manual for more information about the memory model.

2.4.3.5. Processor core registers summary

Table 113 shows the processor core register set summary. Each of these registers is 32 bits wide.

Name Description
RO-R12 RO-R12 are general-purpose registers for data operations.
MSP/PSP (R13) The Stack Pointer (SP) is register R13. In Thread mode, the

CONTROL register indicates the stack pointer to use, Main
Stack Pointer (MSP) or Process Stack Pointer (PSP).

LR (R14) The Link Register (LR) is register R14. It stores the return
information for subroutines, function calls, and exceptions.

PC (R15) The Program Counter (PC) is register R15. It contains the
current program address. PSR The Program Status
Register (PSR) combines: * Application Program Status
Register (APSR). * Interrupt Program Status Register
(IPSR). * Execution Program Status Register (EPSR). These
registers provide different views of the PSR.

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

CONTROL The CONTROL register controls the stack used, the code
privilege level, when the processor is in Thread mode.

Note

See the ARMv6-M Architecture Reference Manual for information about the processor core registers and their
addresses, access types, and reset values.

2.4.3.6. Exceptions

This section describes the exception model of the processor.

2.4.3.6.1. Exception handling

The processor implements advanced exception and interrupt handling, as described in the ARMv6-M Architecture
Reference Manual. To minimize interrupt latency, the processor abandons any load-multiple or store-multiple instruction
to take any pending interrupt. On return from the interrupt handler, the processor restarts the load-multiple or store-
multiple instruction from the beginning.

This means that software must not use load-multiple or store-multiple instructions when a device is accessed in a
memory region that is read-sensitive or sensitive to repeated writes. The software must not use these instructions in any
case where repeated reads or writes might cause inconsistent results or unwanted side-effects.

87



RP2040 Datasheet

Table 114. MO+
System control
registers
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The processor implementation can TO DO (NICK): what do we have @nsure that a fixed number of cycles are required for
the NVIC to detect an interrupt signal and the processor fetch the first instruction of the associated interrupt handler. If
this is done, the highest priority interrupt is jitter-free. See the documentation supplied by the processor implementer for
more information. #TO DO: (NICK) That will be us then #

To reduce interrupt latency and jitter, the Cortex-MO+ processor implements both interrupt late-arrival and interrupt tail-
chaining mechanisms, as defined by the ARMv6-M architecture. The worst case interrupt latency, for the highest priority
active interrupt in a zero wait-state system not using jitter suppression, is 15 cycles.

The processor exception model has the following implementation-defined behavior in addition to the architecture
specified behavior:

¥Exceptions on stacking from HardFault to NMI lockup at NMI priority.

¥Exceptions on unstacking from NMI to HardFault lockup at HardFault priority.

2.4.4. System control

2.4.4.1. System control register summary

Table 114 gives the system control registers. Each of these registers is 32 bits wide.

Name Description

SYST_CSR SysTick Control and Status Register
SYST_RVR SysTick Reload Value Register
SYST_CVR SysTick Current Value Register
SYST_CALIB SysTick Calibration value Register

CPUID See CPUIDRegister

ICSR Interrupt Control State Register

AIRCR Application Interrupt and Reset Control Register
CCR Configuration and Control Register

SHPR2 System Handler Priority Register

SHPR3 System Handler Priority Register

SHCSR System Handler Control and State Register
VTOR Vector table Offset Register

ACTLR Auxiliary Control Register
Note

¥AII system control registers are only accessible using word transfers. Any attempt to read or write a halfword or
byte is Unpredictable.

¥See the List of Registers or ARMv6-M Architecture Reference Manual for more information about the system
control registers, and their addresses and access types, and reset values.

2.4.4.1.1. CPUID Register

The CPUIDcontains the part number, version, and implementation information that is specific to the processor.

88



RP2040 Datasheet

Table 115. MO+ NVIC
registers
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2.4.5. NVIC

2.4.5.1. About the NVIC

External interrupt signals connect to the NVIC, and the NVIC prioritizes the interrupts. Software can set the priority of each
interrupt. The NVIC and the Cortex-MO+ processor core are closely coupled, providing low latency interrupt processing
and efficient processing of late arriving interrupts.

All NVIC registers are only accessible using word transfers. Any attempt to read or write a halfword or byte individually is
unpredictable.

NVIC registers are always little-endian.

Processor exception handling is described in Exceptions section.

2.45.1.1. SysTick timer

A 24-hit SysTick system timer, extends the functionality of both the processor and the NVIC and provides:
¥A 24-bit system timer (SysTick).
¥ Additional configurable priority SysTick interrupt.

The SysTick timer uses a 1us pulse as a clock enable. This is generated in the watchdog block as timer_tick. Accuracy of
SysTick timing depends upon accuracy of this timer_tick. The SysTick timer can also run from the system clock (see
SYST_CALIR

See the ARMv6-M Architecture Reference Manual for more information.

2.4.5.1.2. Low power modes

The implementation includes a WIC. This enables the processor and NVIC to be put into a very low-power sleep mode
leaving the WIC to identify and prioritize interrupts.

The processor fully implements the Wait For Interrupt (WFI), Wait For Event (WFE) and the Send Event (SEV) instructions.
In addition, the processor also supports the use of SLEEPONEXIT, that causes the processor core to enter sleep mode
when it returns from an exception handler to Thread mode. See the ARMv6-M Architecture Reference Manual for more
information.

2.4.5.2. NVIC register summary

Table 115 shows the NVIC registers. Each of these registers is 32 bits wide.

Name Description

NVIC_ISER Interrupt Set-Enable Register.
NVIC_ICER Interrupt Clear-Enable Register.
NVIC_ISPR Interrupt Set-Pending Register.
NVIC_ICPR Interrupt Clear-Pending Register.
NVIC_IPRG-NVIC_IPR7 Interrupt Priority Registers.

Note

See the List of Registers or ARMv6-M Architecture Reference Manual for more information about the NVIC registers
and their addresses, access types, and reset values.
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2.4.6. MPU

2.4.6.1. About the MPU

The MPU is a component for memory protection which allows the processor to support the ARMv6 Protected Memory
System Architecture model. The MPU provides full support for:

¥Eight unified protection regions.

¥Overlapping protection regions, with ascending region priority:
| 7 = highest priority.
| 0= lowest priority.

¥Access permissions.

¥Exporting memory attributes to the system.

MPU mismatches and permission violations invoke the HardFault handler. See the ARMv6-M Architecture Reference
Manual for more information.

You can use the MPU to:
¥Enforce privilege rules.
¥ Separate processes.

¥Manage memory attributes.

2.4.6.2. MPU register summary

Table 116 shows the MPU registers. Each of these registers is 32 bits wide.

Table 116. MO+ MPU

) Name Description

registers
MPU_TYPE MPU Type Register.
MPU_CTRL MPU Control Register.
MPU_RNR MPU Region Number Register.
MPU_RBAR MPU Region Base Address Register.
MPU_RASR MPU Region Attribute and Size Register.
Note

¥See the ARMv6-M Architecture Reference Manual for more information about the MPU registers and their
addresses, access types, and reset values.

¥The MPU supports region sizes from 256-bytes to 4Gb, with 8-sub regions per region.

2.4.7. Debug

Basic debug functionality includes processor halt, single-step, processor core register access, Reset and HardFault Vector
Catch, unlimited software breakpoints, and full system memory access. See the ARMv6-M Architecture Reference
Manual.

The debug features for this device are:
¥A breakpoint unit supporting 4 hardware breakpoints.

¥A watchpoint unit supporting 2 watchpoints.
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2.4.8. List of Registers

Table 117. Li_St of Offset Name Info

MOPLUS registers
0xe010 SYST_CSR SysTick Control and Status Register
0xe014 SYST_RVR SysTick Reload Value Register
0xe018 SYST_CVR SysTick Current Value Register
0xeOlc SYST_CALIB SysTick Calibration Value Register
0xel00 NVIC_ISER Interrupt Set-Enable Register
0xel80 NVIC_ICER Interrupt Clear-Enable Register
0xe200 NVIC_ISPR Interrupt Set-Pending Register
0xe280 NVIC_ICPR Interrupt Clear-Pending Register
0xe400 NVIC_IPRO Interrupt Priority Register O
0xe404 NVIC_IPR1 Interrupt Priority Register 1
0xe408 NVIC_IPR2 Interrupt Priority Register 2
0xe40c NVIC_IPR3 Interrupt Priority Register 3
0xe410 NVIC_IPR4 Interrupt Priority Register 4
Oxe414 NVIC_IPR5 Interrupt Priority Register 5
0xe418 NVIC_IPR6 Interrupt Priority Register 6
Oxe4lc NVIC_IPR7 Interrupt Priority Register 7
0xed00 CPUID CPUID Base Register
Oxed04 ICSR Interrupt Control and State Register
Oxed08 VTOR Vector Table Offset Register
OxedOc AIRCR Application Interrupt and Reset Control Register
Oxed10 SCR System Control Register
Oxed14 CCR Configuration and Control Register
Oxedl1c SHPR2 System Handler Priority Register 2
Oxed20 SHPR3 System Handler Priority Register 3
Oxed24 SHCSR System Handler Control and State Register
0xed90 MPU_TYPE MPU Type Register
Oxed94 MPU_CTRL MPU Control Register
0xed98 MPU_RNR MPU Region Number Register
Oxed9c MPU_RBAR MPU Region Base Address Register
Oxeda0 MPU_RASR MPU Region Attribute and Size Register

SYST_CSR Register

Description

Use the SysTick Control and Status Register to enable the SysTick features.
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Table 118. SYST_CS

) Bits Name Description Type Reset
Register

31:17 Reserved. - - -

16 COUNTFLAG Returns 1 if timer counted to 0 since last time this was RO 0x0
read. Clears on read by application or debugger.

15:3 Reserved. - - -

2 CLKSOURCE SysTick clock source. Always reads as one if SYST_CALIB RW 0x0
reports NOREF.

Selects the SysTick timer clock source:
0 = External reference clock.

1 = Processor clock.

1 TICKINT Enables SysTick exception request: RW 0x0
0 = Counting down to zero does not assert the SysTick
exception request.

1 = Counting down to zero to asserts the SysTick exceptio
request.

0 ENABLE Enable SysTick counter: RW 0x0
0 = Counter disabled.
1 = Counter enabled.

SYST_RVR Register

Description

Use the SysTick Reload Value Register to specify the start value to load into the current value register when the
counter reaches 0. It can be any value between 0 and OXOOFFFFFF. A start value of 0 is possible, but has no effect
because the SysTick interrupt and COUNTFLAG are activated when counting from 1 to 0. The reset value of this
register is UNKNOWN.

To generate a multi-shot timer with a period of N processor clock cycles, use a RELOAD value of N-1. For example, if
the SysTick interrupt is required every 100 clock pulses, set RELOAD to 99.

Table 119. SYST_RVI

) Bits Name Description Type Reset
Register

31:24 Reserved. - - -

23:0 RELOAD Value to load into the SysTick Current Value Register wherf RW 0x000000
the counter reaches 0.

SYST_CVR Register

Description

Use the SysTick Current Value Register to find the current value in the register. The reset value of this register is
UNKNOWN.
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Table 120. SYST_CV
Register

Bits Name Description Type Reset
31:24 Reserved. - - -
23:0 CURRENT Reads return the current value of the SysTick counter. This) RW 0x000000

register is write-clear. Writing to it with any value clears the
register to 0. Clearing this register also clears the
COUNTFLAG bit of the SysTick Control and Status
Register.

SYST_CALIB Register

Description

Use the SysTick Calibration Value Register to enable software to scale to any required speed using divide and

multiply.
Table 121. | Bits Name Description Type Reset
SYST_CALIB Registe|
31 NOREF If reads as 1, the Reference clock is not provided - the RO 0x0
CLKSOURCE hit of the SysTick Control and Status registe
will be forced to 1 and cannot be cleared to 0.
30 SKEW If reads as 1, the calibration value for 10ms is inexact (due | RO 0x0
to clock frequency).
29:24 Reserved. - - -
23:0 TENMS An optional Reload value to be used for 10ms (100Hz) RO 0x000000
timing, subject to system clock skew errors. If the value
reads as 0, the calibration value is not known.

NVIC_ISER Register

Description
Use the Interrupt Set-Enable Register to enable interrupts and determine which interrupts are currently enabled.
If a pending interrupt is enabled, the NVIC activates the interrupt based on its priority. If an interrupt is not enabled,
asserting its interrupt signal changes the interrupt state to pending, but the NVIC never activates the interrupt,
regardless of its priority.

Table 122. NVIC_ISE
Register

Bits Name Description Type Reset

31.0 SETENA Interrupt set-enable bits. RW 0x00000000
Write:

0 = No effect.

1 = Enable interrupt.
Read:

0 = Interrupt disabled.

1 = Interrupt enabled.

NVIC_ICER Register

Description

Use the Interrupt Clear-Enable Registers to disable interrupts and determine which interrupts are currently enabled.
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Table 123. NVIC_ICE

) Bits Name Description Type Reset
Register

31:.0 CLRENA Interrupt clear-enable bits. RW 0x00000000
Write:

0 = No effect.

1 = Disable interrupt.

Read:

0 = Interrupt disabled.
1 = Interrupt enabled.

NVIC_ISPR Register

Description

The NVIC_ISPR forces interrupts into the pending state, and shows which interrupts are pending.

Table 124. NVIC_ISP

) Bits Name Description Type Reset
Register

31:.0 SETPEND Interrupt set-pending bits. RW 0x00000000
Write:

0 = No effect.

1 = Changes interrupt state to pending.

Read:

0 = Interrupt is not pending.

1 = Interrupt is pending.

Note: Writing 1 to the NVIC_ISPR bit corresponding to:
An interrupt that is pending has no effect.

A disabled interrupt sets the state of that interrupt to
pending.

NVIC_ICPR Register

Description

Use the Interrupt Clear-Pending Register to clear pending interrupts and determine which interrupts are currently

pending.
Tab'_e 125. NvIC_ICP Bits Name Description Type Reset
Register
31:.0 CLRPEND Interrupt clear-pending bits. RW 0x00000000

Write:
0 = No effect.
1 = Removes pending state and interrupt.
Read:

0 = Interrupt is not pending.
1 = Interrupt is pending.

NVIC_IPRO Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest
priority, and 3 is the lowest.

Note: Writing 1 to an NVIC_ICPR bit does not affect the active state of the corresponding interrupt.

These registers are only word-accessible

Table 126. NVIC_IPR

A Bits Name Description Type Reset
Register

31:30 IP_3 Priority of interrupt 3 RW 0x0

29:24 Reserved. - - -
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Bits Name Description Type Reset

23:22 IP_2 Priority of interrupt 2 RW 0x0

21:16 Reserved. - - -

15:14 IP_1 Priority of interrupt 1 RW 0x0

13:8 Reserved. - - -

7:6 IP_0 Priority of interrupt O RW 0x0

5:0 Reserved. - - -

NVIC_IPR1 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. O is the highest
priority, and 3 is the lowest.

Table 127. NVIC_IPR

) Bits Name Description Type Reset
Register

31:30 IP_7 Priority of interrupt 7 RW 0x0

29:24 Reserved. - - -

23:22 IP_6 Priority of interrupt 6 RW 0x0

21:16 Reserved. - - -

15:14 IP_5 Priority of interrupt 5 RW 0x0

13:8 Reserved. - - -

7:6 IP_4 Priority of interrupt 4 RW 0x0

5:0 Reserved. - - -

NVIC_IPR2 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest
priority, and 3 is the lowest.

Table 128. NVIC_IPR

) Bits Name Description Type Reset
Register

31:30 IP_11 Priority of interrupt 11 RW 0x0

29:24 Reserved. - - -

23:22 IP_10 Priority of interrupt 10 RW 0x0

21:16 Reserved. - - -

15:14 IP_9 Priority of interrupt 9 RW 0x0

13:8 Reserved. - - -

76 IP_8 Priority of interrupt 8 RW 0x0

5:0 Reserved. - - -

NVIC_IPR3 Register
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Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. O is the highest
priority, and 3 is the lowest.

Table 129. NVIC_IPR

) Bits Name Description Type Reset
Register

31:30 IP_15 Priority of interrupt 15 RW 0x0

29:24 Reserved. - - -

23:22 IP_14 Priority of interrupt 14 RW 0x0

21:16 Reserved. - - -

15:14 IP_13 Priority of interrupt 13 RW 0x0

13:8 Reserved. - - -

7:6 IP_12 Priority of interrupt 12 RW 0x0

5:0 Reserved. - - -

NVIC_IPR4 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest
priority, and 3 is the lowest.

Table 130. NVIC_IPR

) Bits Name Description Type Reset
Register

31:30 IP_19 Priority of interrupt 19 RW 0x0

29:24 Reserved. - - -

23:22 IP_18 Priority of interrupt 18 RW 0x0

21:16 Reserved. - - -

15:14 IP_17 Priority of interrupt 17 RW 0x0

13:8 Reserved. - - -

7:6 IP_16 Priority of interrupt 16 RW 0x0

5:0 Reserved. - - -

NVIC_IPR5 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest
priority, and 3 is the lowest.

Table 131. NVIC_IPR

) Bits Name Description Type Reset
Register

31:30 IP_23 Priority of interrupt 23 RW 0x0

29:24 Reserved. - - -

23:22 IP_22 Priority of interrupt 22 RW 0x0

21:16 Reserved. - - -

15:14 IP_21 Priority of interrupt 21 RW 0x0

13:8 Reserved. - - -
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Bits Name Description Type Reset
7:6 IP_20 Priority of interrupt 20 RW 0x0
5:0 Reserved. - - -

NVIC_IPR6 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest
priority, and 3 is the lowest.

Tablle 182. NVIC_IPR{ pjss Name Description Type Reset
Register
31:30 IP_27 Priority of interrupt 27 RW 0x0
29:24 Reserved. - . -
23:22 IP_26 Priority of interrupt 26 RW 0x0
21:16 Reserved. - - -
15:14 IP_25 Priority of interrupt 25 RW 0x0
13:8 Reserved. - - -
7:6 IP_24 Priority of interrupt 24 RW 0x0
5:0 Reserved. - - -

NVIC_IPR7 Register

Description

Use the Interrupt Priority Registers to assign a priority from 0 to 3 to each of the available interrupts. 0 is the highest

priority, and 3 is the lowest.

Tab'.e 183. NVIC_IPR] pjg Name Description Type Reset
Register
31:30 IP_31 Priority of interrupt 31 RW 0x0
29:24 Reserved. - - -
23:22 IP_30 Priority of interrupt 30 RW 0x0
21:16 Reserved. - - -
15:14 IP_29 Priority of interrupt 29 RW 0x0
13:8 Reserved. - - -
7:6 IP_28 Priority of interrupt 28 RW 0x0
5:0 Reserved. - - -

CPUID Register

Description

Read the CPU ID Base Register to determine: the ID number of the processor core, the version number of the
processor core, the implementation details of the processor core.

Table 134. CPUID
Register
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Bits Name Description Type Reset
31:24 IMPLEMENTER | Implementor code: Ox41 = ARM RO 0x41
23:20 VARIANT Major revision number n in the rnpm revision status: RO 0x0

0x0 = Revision 0.

19:16 ARCHITECTURE | Constant that defines the architecture of the processor: RO Oxc
0xC = ARMv6-M architecture.

15:4 PARTNO Number of processor within family: 0xC60 = Cortex-MO+ | RO 0xc60
3:0 REVISION Minor revision number m in the rnpm revision status: RO 0x1
0x1 = Patch 1.

ICSR Register

Description

Use the Interrupt Control State Register to set a pending Non-Maskable Interrupt (NMI), set or clear a pending
PendSV, set or clear a pending SysTick, check for pending exceptions, check the vector number of the highest priority
pended exception, check the vector number of the active exception.

Table 135. ICSR

) Bits Name Description Type Reset
Register

31 NMIPENDSET Setting this bit will activate an NMI. Since NMlI is the RW 0x0
highest priority exception, it will activate as soon as it is
registered.

NMI set-pending bit.

Write:

0 = No effect.

1 = Changes NMI exception state to pending.

Read:

0 = NMI exception is not pending.

1 = NMI exception is pending.

Because NMI is the highest-priority exception, normally the
processor enters the NMI

exception handler as soon as it detects a write of 1 to this
bit. Entering the handler then clears

this bit to 0. This means a read of this bit by the NMI
exception handler returns 1 only if the

NMI signal is reasserted while the processor is executing
that handler.

30:29 Reserved. - - -

28 PENDSVSET PendSV set-pending bit. RW 0x0
Write:

0 = No effect.

1 = Changes PendSV exception state to pending.
Read:

0 = PendSV exception is not pending.

1 = PendSV exception is pending.

Writing 1 to this bit is the only way to set the PendSV
exception state to pending.

27 PENDSVCLR PendSV clear-pending bit. RW 0x0
Write:

0 = No effect.

1 = Removes the pending state from the PendSV
exception.
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Bits Name Description Type Reset

26 PENDSTSET SysTick exception set-pending bit. RW 0x0
Write:

0 = No effect.

1 = Changes SysTick exception state to pending.
Read:

0 = SysTick exception is not pending.

1 = SysTick exception is pending.

25 PENDSTCLR SysTick exception clear-pending bit. RW 0x0
Write:

0 = No effect.
1 = Removes the pending state from the SysTick exception|.
This bit is WO. On a register read its value is Unknown.

24 Reserved. - - -
23 ISRPREEMPT The system can only access this bit when the core is RO 0x0
halted. It indicates that a pending interrupt is to be taken in
the next running cycle. If C_MASKINTS is clear in the Debug
Halting Control and Status Register, the interrupt is
serviced.
22 ISRPENDING External interrupt pending flag RO 0x0
21 Reserved. - - -
20:12 VECTPENDING | Indicates the exception number for the highest priority RO 0x000

pending exception: 0 = no pending exceptions. Non zero =
The pending state includes the effect of memory-mapped
enable and mask registers. It does not include the
PRIMASK special-purpose register qualifier.

11:9 Reserved. - - -

8:0 VECTACTIVE Active exception number field. Reset clears the RO 0x000
VECTACTIVE field.

VTOR Register

Description

The VTOR holds the vector table offset address.

Tablle 136. VTOR Bits Name Description Type Reset
Register
31:8 TBLOFF Bits [31:8] of the indicate the vector table offset address. | RW 0x000000
7:0 Reserved. - - -

AIRCR Register

Description

Use the Application Interrupt and Reset Control Register to: determine data endianness, clear all active state
information from debug halt mode, request a system reset.

Table 137. AIRCR
Register
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Bits Name Description Type Reset

31:16 VECTKEY Register key: RW 0x0000
Reads as Unknown
On writes, write OXO5FA to VECTKEY, otherwise the write is
ignored.

15 ENDIANESS Data endianness implemented: RO 0x0
0 = Little-endian.

14:3 Reserved. - - -

2 SYSRESETREQ | Writing 1 to this bit causes the SYSRESETREQ signal to theRW 0x0
outer system to be asserted to request a reset. The
intention is to force a large system reset of all major
components except for debug. The C_HALT bit in the
DHCSR is cleared as a result of the system reset
requested. The debugger does not lose contact with the
device.

1 VECTCLRACTIVE| Clears all active state information for fixed and RW 0x0
configurable exceptions. This bit: is self-clearing, can only
be set by the DAP when the core is halted. When set: clears
all active exception status of the processor, forces a return
to Thread mode, forces an IPSR of 0. A debugger must re-
initialize the stack.

0 Reserved. - - -

SCR Register

Description

System Control Register. Use the System Control Register for power-management functions: signal to the system
when the processor can enter a low power state, control how the processor enters and exits low power states.

Table 138. SCR

) Bits Name Description Type Reset
Register

31:5 Reserved. - - -

4 SEVONPEND Send Event on Pending bit: RW 0x0
0 = Only enabled interrupts or events can wakeup the
processor, disabled interrupts are excluded.

1 = Enabled events and all interrupts, including disabled
interrupts, can wakeup the processor.

When an event or interrupt becomes pending, the event
signal wakes up the processor from WFE. If the
processor is not waiting for an event, the event is
registered and affects the next WFE.

The processor also wakes up on execution of an SEV
instruction or an external event.

& Reserved. - - -
2 SLEEPDEEP Controls whether the processor uses sleep or deep sleep | RW 0x0
as its low power mode:
0 = Sleep.
1 = Deep sleep.
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Bits

Name

Description

Type

Reset

SLEEPONEXIT

0x0

Indicates sleep-on-exit when returning from Handler mode | RW
to Thread mode:

0 = Do not sleep when returning to Thread mode.

1 = Enter sleep, or deep sleep, on return from an ISR to
Thread mode.

Setting this bit to 1 enables an interrupt driven application
to avoid returning to an empty main application.

0 Reserved. - - -

CCR Register

Description

The Configuration and Control Register permanently enables stack alignment and causes unaligned accesses to
result in a Hard Fault.

Tabl_e 189. CCR Bits Name Description Type Reset
Register
31:10 Reserved. - - -
9 STKALIGN Always reads as one, indicates 8-byte stack alignmenton | RO 0x0
exception entry. On exception entry, the processor uses
bit[9] of the stacked PSR to indicate the stack alignment.
On return from the exception it uses this stacked bit to
restore the correct stack alignment.
8:4 Reserved. - - -
3 UNALIGN_TRP Always reads as one, indicates that all unaligned accesses| RO 0x0
generate a HardFault.
2:0 Reserved. - - -

SHPR2 Register

Description

System handlers are a special class of exception handler that can have their priority set to any of the priority levels.

Table 140. SHPR2

Use the System Handler Priority Register 2 to set the priority of SVCall.

) Bits Name Description Type Reset
Register
31:30 PRI_11 Priority of system handler 11, SVCall RW 0x0
29:0 Reserved. - - -

SHPR3 Register

Description

System handlers are a special class of exception handler that can have their priority set to any of the priority levels.
Use the System Handler Priority Register 3 to set the priority of PendSV and SysTick.

Table 141. SHPR3

) Bits Name Description Type Reset
Register
31:30 PRI_15 Priority of system handler 15, SysTick RW 0x0
29:24 Reserved. - - -
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Bits Name Description Type Reset

23:22 PRI_14 Priority of system handler 14, PendSV RW 0x0

21:0 Reserved. - - -

SHCSR Register

Description

Use the System Handler Control and State Register to determine or clear the pending status of SVCall.

Table 142. SHCSR

) Bits Name Description Type Reset
Register

31:16 Reserved. - - -

15 SVCALLPENDED | Reads as 1 if SVCall is Pending. Write 1 to set pending RW 0x0
SVCall, write 0 to clear pending SVCall.

14:0 Reserved. - - -

MPU_TYPE Reqgister

Description

Read the MPU Type Register to determine if the processor implements an MPU, and how many regions the MPU
supports.

Table 143. MPU_TYP

) Bits Name Description Type Reset
Register

31:24 Reserved. - - -

23:16 IREGION Instruction region. Reads as zero as ARMv6-M only RO 0x00
supports a unified MPU.

15:8 DREGION Number of regions supported by the MPU. RO 0x08
7:1 Reserved. - - -
0 SEPARATE Indicates support for separate instruction and data address| RO 0x0
maps. Reads as 0 as ARMv6-M only supports a unified
MPU.

MPU_CTRL Register

Description

Use the MPU Control Register to enable and disable the MPU, and to control whether the default memory map is
enabled as a background region for privileged accesses, and whether the MPU is enabled for HardFaults and NMIs.

Table 144. MPU_CTR

) Bits Name Description Type Reset
Register

Bilks Reserved. - - -
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Bits Name Description Type Reset
2 PRIVDEFENA Controls whether the default memory map is enabled as a | RW 0x0
background region for privileged accesses. This bit is
ignored when ENABLE is clear.
0 = If the MPU is enabled, disables use of the default
memory map. Any memory access to a location not
covered by any enabled region causes a fault.
1 = If the MPU is enabled, enables use of the default
memory map as a background region for privileged
software accesses.
When enabled, the background region acts as if it is region
number -1. Any region that is defined and enabled has
priority over this default map.
1 HFNMIENA Controls the use of the MPU for HardFaults and NMls. RW 0x0
Setting this bit when ENABLE is clear results in
UNPREDICTABLE behaviour.
When the MPU is enabled:
0 = MPU is disabled during HardFault and NMI handlers,
regardless of the value of the ENABLE bit.
1 =the MPU is enabled during HardFault and NMI handlers.
0 ENABLE Enables the MPU. If the MPU is disabled, privileged and | RW 0x0
unprivileged accesses use the default memory map.
0 = MPU disabled.
1 = MPU enabled.

MPU_RNR Register

Description

Use the MPU Region Number Register to select the region currently accessed by MPU_RBAR and MPU_RASR.

Table 145. MPU_RNR

) Bits Name Description Type Reset
Register
31:4 Reserved. - - -
3:0 REGION Indicates the MPU region referenced by the MPU_RBAR |RW 0x0

and MPU_RASR registers.
The MPU supports 8 memory regions, so the permitted
values of this field are 0-7.

MPU_RBAR Register

Description

Read the MPU Region Base Address Register to determine the base address of the region identified by MPU_RNR.
Write to update the base address of said region or that of a specified region, with whose number MPU_RNR will also

be updated.
Table 146. MPU_RBA[ gjyo Name Description Type Reset
Register
31:8 ADDR Base address of the region. RW 0x000000
75 Reserved. - - -
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Table 147. MPU_RAS
Register

Bits Name Description Type Reset
4 VALID On writes, indicates whether the write must update the RW 0x0
base address of the region identified by the REGION field,
updating the MPU_RNR to indicate this new region.
Write:
0 = MPU_RNR not changed, and the processor:
Updates the base address for the region specified in the
MPU_RNR.
Ignores the value of the REGION field.
1 = The processor:
Updates the value of the MPU_RNR to the value of the
REGION field.
Updates the base address for the region specified in the
REGION field.
Always reads as zero.
3:0 REGION On writes, specifies the number of the region whose base | RW 0x0
address to update provided VALID is set written as 1. On
reads, returns bits [3:0] of MPU_RNR.

MPU_RASR Register

Description

Use the MPU Region Attribute and Size Register to define the size, access behaviour and memory type of the region

identified by MPU_RNR, and enable that region.

Bits

Name

Description

Type

Reset

31:16

ATTRS

The MPU Region Attribute field. Use to define the region
attribute control.

28 = XN: Instruction access disable bit:

0 = Instruction fetches enabled.

1 = Instruction fetches disabled.

26:24 = AP: Access permission field

18 = S: Shareable bit

17 = C: Cacheable bit

16 = B: Bufferable bit

RW

0x0000

15:8

SRD

Subregion Disable. For regions of 256 bytes or larger, each
bit of this field controls whether one of the eight equal
subregions is enabled.

RW

0x00

7:6

Reserved.

5:1

SIZE

Indicates the region size. Region size in bytes = 2*(SIZE+1]
The minimum permitted value is 7 (b00111) = 256Bytes

RW

0x00

ENABLE

Enables the region.

RW

0x0

2.5. Memory

RP2040 has embedded ROM and SRAM, and access to external Flash via a QSPI interface. Details of internal memory are
given below.
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Table 148. SRAM
bank0/1/2/3 striped
mapping.

2.5. Memory

2.5.1. ROM
A 16kB read-only memory (ROM) is at addressox00000000 The ROM contents are fixed at the time the silicon is
manufactured. It contains:

¥initial startup routine

¥Flash boot sequence

¥Flash programming routines

¥USB mass storage device with UF2 support

¥Uti|ity libraries such as fast floating point

The boot sequence of the chip is defined inSection 2.7.2, and the ROM contents is described in more detail ilBootrom.
The full source code for the RP2040 bootrom is available at:

https://github.com/raspberrypi/pico-bootrom

The ROM offers single-cycle read-only bus access, and is on a dedicated AHB-Lite arbiter, so it can be accessed
simultaneously with other memory devices. Attempting to write to the ROM has no effect (no bus fault is generated).

2.5.2. SRAM

There is a total of 264kB of on-chip SRAM. Physically this is partitioned into six banks, as this vastly improves memory
bandwidth for multiple masters, but software may treat it as a single 264kB memory region. There are no restrictions on
what is stored in each bank: processor code, data buffers, or a mixture. There are four 16k x 32-bit banks (64kB each) and
two 1k x 32-bit banks (4kB each).

Each SRAM bank is accessed via a dedicated AHB-Lite arbiter. This means different bus masters can access different
SRAM banks in parallel, so up to four 32-bit SRAM accesses can take place every system clock cycle (one per master).

SRAM is mapped to system addresses starting atox20000000 The first 256kB address region is word-striped across the
four larger banks, which provides a significant memory parallelism benefits for most use cases.

Consecutive words in the system address space are routed to different RAM banks as shown iffable 148

System address SRAM Bank SRAM word address
0x20000000 Bank 0 0
0x20000004 Bank 1 0
0x20000008 Bank 2 0
0x2000000c Bank 3 0
0x20000000 Bank 0 1
0x20000014 Bank 1 1
0x20000018 Bank 2 1
0x2000001c Bank 3 1
0x20000020 Bank O 2
0x20000024 Bank 1 2
0x20000028 Bank 2 2
0x2000002¢c Bank 3 2
etc

The next two 4kB regions (starting at0x20040000and 0x2004100) are mapped directly to the smaller, 4kB memory banks.

105


https://github.com/raspberrypi/pico-bootrom

RP2040 Datasheet

2.5. Memory

Software may choose to use these for per-core purposes, e.g. stack and frequently-executed code, guaranteeing that the
processors never stall on these accesses. However, like all SRAM on RP2040, these banks have single-cycle access from
all masters providing no other masters are accessing the bank in the same cycle, so it is reasonable to treat memory as a
single 264kB device.

The four 64kB banks are also available at a non-striped mirror. The four 64kB regions starting atx210000000x21010000
0x210200000x21030000are each mapped directly to one of the four 64kB SRAM banks. Software can explicitly allocate data
and code across the physical memory banks, for improved memory performance in exceptionally demanding cases. This
is often unnecessary, as memory striping usually provides sufficient parallelism with less software complexity.

The non-striped mirror starts at an offset of +16MB above the base of SRAM, as this is the maximum offset that allows
ARMvV6EM subroutine calls between the smaller banks and the non-striped larger banks.

2.5.2.1. Other On-chip Memory

Besides the 264kB main memory, there are two other dedicated RAM blocks that may be used in some circumstances:
¥If flash XIP caching is disabled, the cache becomes available as a 16kB memory starting @x15000000
¥If the USB is not used, the USB data DPRAM can be used as a 4kB memory startingtt0100000

This gives a total of 284kB of on-chip SRAM. There are no restrictions on how these memories are used, e.g. it is possible
to execute code from the USB data RAM if you choose.

2.5.3. Flash

External Flash is accessed via the QSPI interface using the execute-in-place (XIP) hardware. This allows an external flash
memory to be addressed and accessed by the system as though it were internal memory. Bus reads to a 16MB memory
window starting at 0x10000000are translated into a serial flash transfer, and the result is returned to the master that
initiated the read. This process is transparent to the master, so a processor can execute code from the external flash
without first copying the code to internal memory, hence "execute in place". An internal cache remembers the contents of
recently-accessed flash locations, which accelerates the average bandwidth and latency of the interface.

Once correctly configured by RP20400s bootrom and the flash second stage, the XIP hardware is largely transparent, and
software can treat flash as a large read-only memory. However, it does provide a number of additional features to serve
more demanding software use cases.
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Figure 12. Flash
execute-in-place (XIP)
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The serial flash interface is configured by the flash second stage when using the Pico SDK to run at an integer divide
of the system clock. All the included second stage boot implementations support aPICO_FLASH_SPI_CLKseiting (e.g.
defaulted to 4 in https://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/boot_stage2/
boot2_w250080.S to make the default interface speed 125/4 = 31.25 MHz). This divider can be overridden by
specifying PICO_FLASH_SPI_CLKibithe particular board config header used with the Pico SDK.

2.5.3.1. XIP Cache

The cache is 16 kB, two way set-associative, 1 cycle hit. It is internal to the XIP subsystem, and only affects accesses to
XIP flash, so software does not have to consider cache coherence, unless performing flash programming operations. It
caches reads from a 24-bit flash address space, which is mirrored multiple times in the RP2040 address space, each alias
having different caching behaviour. The eight MSBs of the system address are used for segment decode, leaving 24 bits
for flash addressing, so the maximum supported flash size (for XIP operation) is 16MB. The available mirrors are:

¥0x10E XIP access, cacheable, allocating - Normal cache operation

¥ox11E XIP access, cacheable, non-allocating - Check for hit, don®t update cache on miss
¥0x12E XIP access, non-cacheable, allocating - DonOt check for hit, always update cache
¥0x13E XIP access, non-cacheable, non-allocating - Bypass cache completely

¥0x15E Use XIP cache as SRAM bank, mirrored across entire segment

If the cache is disabled, via theCTRL_Ekegister bit, then all four of the XIP aliasesx10to 0x13) will bypass the cache, and
access the flash directly. This has a significant impact on XIP code execution performance.

Access to the 0x15E segment produces a bus error unless the cache is disabled. Once the cache is disabled, this region
behaves as an additional 16 kB SRAM bank. Reads and writes are one cycle, but there is a wait state on consecutive write-
read sequences, i.e. there is no write forwarding buffer.
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2.5.3.2. Cache Flushing and Maintenance

The FLUSHegister allows the entire cache contents to be flushed. This is necessary if software has reprogrammed the
flash contents, and needs to clear out stale data and code, without performing a reboot.

Flushing the cache whilst accessing flash data (perhaps initiating the flush on one core whilst another core may be
executing code from flash data) is a safe operation, but any master accessing flash data while the flush is in progress will
be stalled until completion. The flush is implemented by zeroing the cache tag memory using an internal counter, which
takes around 2000 clock cycles.

A complete cache flush dramatically slows subsequent code execution, until the cache "warms up" again. There is an
alternative, which allows cache contents corresponding to only a certain address range to be invalidated. A write to the
0x10E mirror will look up the addressed location in the cache, and delete any matching entry found. Writing to all word-
aligned locations in an address range (e.g. a flash sector that has just been erased and reprogrammed) therefore
eliminates the possibility of stale cached data in this range, without suffering the effects of a complete cache flush.

Pico Examplekitps://github.com/raspberrypi/pico-examples/tree/pre_release/flash/cache_perfctr/flash_cacheLipes@@e 55

30 /I Flush cache to make sure we miss the first time we access test_data

31 xip_ctrl_hw  ->flush = 1;

32 while (! (xip_ctrl_hw ->stat & XIP_STAT FLUSH_READY_BITS)

33 tight_loop_contents 0;

34

35 /I Clear counters (write any value to clear)

36 xip_ctrl_hw  ->ctr_acc = 1;

37 xip_ctrl_hw  ->ctr_hit = 1;

38

39 (void ) *test data_ptr ;

40 check (xip_ctrl_hw  -> ctr_hit == 0 && xip_ctrl_hw ->ctr_acc == 1,

41 "First access to data should miss" );

42

43 (void ) *test_data_ptr ;

44 check (xip_ctrl_hw  ->ctr_hit == 1 && xip_ctrl_hw  ->ctr_acc == 2,

45 "Second access to data should hit" );

46

47 /I Write to invalidate individual cache lines (64 bits)

48 /I Writes must be directed to the cacheable, allocatable alias (address 0x10.._....)

49 *test_data_ptr = 0;

50 (void ) *test_data_ptr ;

51 check (xip_ctrl_hw  ->ctr_hit == 1 && xip_ctrl_hw  ->ctr_acc == 3,

52 "Should miss after invalidation” );

58] (void ) *test data_ptr ;

54 check (xip_ctrl_hw  ->ctr_hit == 2 && xip_ctrl_hw  ->ctr_acc == 4,

55 "Second access after invalidation should hit again" );
2.5.3.3. SSI

The execute-in-place functionality is provided by the SSI interface, documented i8SL It supports 1, 2 or 4-bit SPI flash
interfaces (SPI, DSPI and QSPI), and can insert either an instruction prefix or mode continuation bits on each XIP access.
This includes the possibility of issuing a standard03h serial flash read command for each access, allowing virtually any
serial flash device to be used. The maximum SPI clock frequency is half the system clock frequency.

The SSI can also be used as a standard FIFO-based SPI master, with DMA support. This mode is used by the bootrom to
extract the second stage bootloader from external flash (seeSection 2.7.2). The bus interposer allows an atomic set, clear
or XOR operation to be posted to SSI control registers, in the same manner as other memory-mapped IO on RP2040. This
is described in more detail inSection 2.1.2
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2.5.3.4. Flash Streaming and Auxiliary Bus Slave

As the flash is generally much larger than SRAM, itOs often useful to stream chunks of data into memory from flash. 1tOs
convenient to have the DMA stream this data in the background while software in the foreground is doing other things,
and itOs even more convenient if code can continue to execute from flash whilst this takes place.

This doesnOt interact well with standard XIP operation, because of the lengthy bus stalls forced on the DMA whilst the SSI
is performing serial transfers. These stalls are tolerable for a processor, because an in-order processor tends to have
nothing better to do while waiting for an instruction fetch to retire, and because typical code execution tends to have
much higher cache hit rates than bulk streaming of infrequently accessed data. In contrast, stalling the DMA prevents any
other active DMA channels from making progress during this time, which slows overall DMA throughput.

The STREAM_AD@RI STREAM_Chergisters are used to program a linear sequence of flash reads, which the XIP subsystem
will perform in the background in a best-effort fashion. To minimise impact on code being executed from flash whilst the
stream is ongoing, the streaming hardware has lower priority access to the SSI than regular XIP accesses, and there is a
brief cooldown (seven cycles) between the last XIP cache miss and resuming streaming. This helps to avoid increase in
initial access latency on XIP cache miss.

Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/flash/xip_stream/flash_xip Litresidbc- 48

45 while (! (xip_ctrl_hw ->stat & XIP_STAT_FIFO_EMPTY))

46 (void ) xip_ctrl_hw  -> stream_fifo

a7 xip_ctrl_hw  ->stream_addr = (uint32_t ) &random_test data [ O];
48 Xip_ctrl_hw  -> stream_ctr = count_of (random_test _data );

The streamed data is pushed to a small FIFO, which generates DREQ signals, telling the DMA to collect the streamed
data. As the DMA does not initiate a read untilafter the data has been read from flash, the DMA is not stalled when
accessing the data.

Although this scheme ensures that the data is ready in the streaming FIFO once the DREQ is asserted, the DMA can still
be stalled if another master is currently stalled on the XIP slave, e.g. due to a cache miss. This is solved by the auxiliary
bus slave, which is a simple bus interface providing access only to the streaming FIFO. This slave is exposed on the

FASTPERarbiter, which services only native AHB-Lite peripherals which donOt generate wait states, so the DMA will never
experience stalls when accessing the FIFO at this address, assuming it has high bus priority.

Pico Examplebttps://github.com/raspberrypi/pico-examples/tree/pre_release/flash/xip_stream/flash_xip Litresu$8c- 70

58 const uint dma_chan = 0;

59 dma_channel_config cfg = dma_channel_get_default_config (dma_chan);
60 channel_config_set_read_increment (&cfg , false );

61 channel_config_set_write_increment (&cfg , true );

62 channel_config_set_dreq (&cfg , DREQ_XIP_STREAM

63 dma_channel_configure (

64 dma_chan,

65 &cfg ,

66 (void *) buf, /I Write addr
67 (const void *) XIP_AUX_BASE // Read addr
68 count_of (random_test_data ), // Transfer count
69 true /I Start immediately!
70 )

2.5.3.5. Performance Counters

The XIP subsystem provides two performance counters. These are 32 bits in size, saturate upon reachingxfffffff ~, and
are cleared by writing any value. They count:

1. The total number of XIP accesses, to any alias
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Table 149. List of XIP
registers

Table 150. CTRL
Register

2.5. Memory

2. The number of XIP accesses which resulted in a cache hit

For common use cases, this allows the cache hit rate to be profiled.

2.5.3.6. List of XIP Registers

Offset Name Info

0x00 CTRL Cache control

0x04 FLUSH Cache Flush control
0x08 STAT Cache Status

0x0c CTR_HIT Cache Hit counter
0x10 CTR_ACC Cache Access counter
0x14 STREAM_ADDR FIFO stream address
0x18 STREAM_CTR FIFO stream control
Oxlc STREAM_FIFO FIFO stream data

CTRL Register

Description

Cache control

Bits Name Description Type Reset
31:4 Reserved. - - -
3 POWER_DOWN | When 1, the cache memories are powered down. They RW 0x0
retain state,
but can not be accessed. This reduces static power
dissipation.
Writing 1 to this bit forces CTRL_EN to 0, i.e. the cache
cannot
be enabled when powered down.
Cache-as-SRAM accesses will produce a bus error
response when
the cache is powered down.
2 Reserved. - - -
1 ERR_BADWRITE | When 1, writes to any alias other than 0x0 (caching, RW 0x1
allocating)
will produce a bus fault. When 0, these writes are silently
ignored.
In either case, writes to the 0x0 alias will deallocate on tag
match,
as usual.

110



RP2040 Datasheet

Bits Name Description Type Reset
0 EN When 1, enable the cache. When the cache is disabled, all| RW 0x1
XIP accesses
will go straight to the flash, without querying the cache.
When enabled,
cacheable XIP accesses will query the cache, and the flash
will
not be accessed if the tag matches and the valid bit is set.
If the cache is enabled, cache-as-SRAM accesses have no
effect on the
cache data RAM, and will produce a bus error response.
FLUSH Register
Description
Cache Flush control
Tabl_e 151 FLUSH [ js Name Description Type Reset
Register
31:1 Reserved. - - -
0 NONAME Write 1 to flush the cache. This clears the tag memory, but | SC 0x0
the data memory retains its contents. (This means cache-
as-SRAM
contents is not affected by flush or reset.)
Reading will hold the bus (stall the processor) until the
flush
completes. Alternatively STAT can be polled until
completion.
STAT Register
Description
Cache Status
Tabl_e 152. STAT Bits Name Description Type Reset
Register
31:3 Reserved. - - -
2 FIFO_FULL When 1, indicates the XIP streaming FIFO is completely fullRO 0x0
The streaming FIFO is 2 entries deep, so the full and empty
flag allow its level to be ascertained.
1 FIFO_EMPTY When 1, indicates the XIP streaming FIFO is completely |RO 0x1
empty.
0 FLUSH_READY | Reads as 0 while a cache flush is in progress, and 1 RO 0x0

otherwise.

The cache is flushed whenever the XIP block is reset, and
also

when requested via the FLUSH register.

CTR_HIT Register

Description

Cache Hit counter

2.5. Memory
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Tabl_e 153. CTRHIT [ pjs Name Description Type Reset
Register
31:.0 NONAME A 32 bit saturating counter that increments upon each wcC 0x00000000
cache hit,
i.e. when an XIP access is serviced directly from cached
data.
Write any value to clear.
CTR_ACC Register
Description
Cache Access counter
Table 154. CTR_ACC| gjiq Name Description Type Reset
Register
31:.0 NONAME A 32 bit saturating counter that increments upon each XIP | WC 0x00000000
access,
whether the cache is hit or not. This includes noncacheablg
accesses.
Write any value to clear.
STREAM_ADDR Register
Description
FIFO stream address
Table 155. Bits Name Description Type Reset
STREAM_ADDR
Register 31:2 NONAME The address of the next word to be streamed from flash to | RW 0x00000000
the streaming FIFO.
Increments automatically after each flash access.
Write the initial access address here before starting a
streaming read.
1:0 Reserved. - - -

STREAM_CTR Register

Description

FIFO stream control

2.5. Memory
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Table 156.
STREAM_CTR Regis

Table 157.
STREAM_FIFO
Register

Bits Name Description Type Reset
31:22 Reserved. - - -
21:0 NONAME Write a nonzero value to start a streaming read. This will | RW 0x000000
then
progress in the background, using flash idle cycles to
transfer
a linear data block from flash to the streaming FIFO.
Decrements automatically (1 at a time) as the stream
progresses, and halts on reaching 0.
Write O to halt an in-progress stream, and discard any in-
flight
read, so that a new stream can immediately be started
(after
draining the FIFO and reinitialising STREAM_ADDR)
STREAM_FIFO Register
Description
FIFO stream data
Bits Name Description Type Reset
310 NONAME Streamed data is buffered here, for retrieval by the system | RF 0x00000000

DMA.

This FIFO can also be accessed via the XIP_AUX slave, to
avoid exposing

the DMA to bus stalls caused by other XIP traffic.

2.6. Boot Sequence

Several components of the RP2040 work together to get to a point where the processors are out of reset and able to run
the Bootrom. The bootrom is software that is built into the chip, performing the "processor controlled" part of the boot

sequence. We will refer to the steps before the processor is running as the "hardware controlled" boot sequence.

The hardware controlled boot sequence is as follows:

¥Power is applied to the chip and theRuNpin is high. (IfRUNs low then the chip will be held in reset.)

¥ The On-Chip Voltage Regulatowaits until the digital core supply (DVDD) is stable

¥ The Power-On State Machineis started. To summarise the sequence:

2.7. Bootrom

The Bootrom size is limited to 16 kB. It contains: The Bootrom size is limited to 16 kB. It contains:

running at a relatively low frequency (typically 6.5MHz).

Processor core 0 and core 1 begin to execute theBootrom.

¥Processor core 0 initial boot sequence.

2.6. Boot Sequence

The Ring Oscillator is started, providing a clock source to the clock generators.clk_sys and clk_ref are now

The reset controller (Subsystem Resets), the execute-in-place hardware xecute-In-Placg, memories (see
SRAMand ROM), Bus Fabric, and Processor Subsystemis taken out of reset.
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Figure 13. RP2040
Boot Sequence

2.7. Bootrom

¥Processor core 1 low power wait and launch protocol.

¥USB MSC class-compliant bootloader withUF2 support for downloading code/data to FLASH or RAM.

¥USB PICOBOOT bootloader interface for advanced management.

¥Routines for programming and manipulating the external flash.

¥Fast single-precision floating point library.

¥ Fast bit counting / manipulation functions.

¥ Fast memory fill / copy functions.

2.7.1. Bootrom Source

The bootrom source can be found athttps://github.com/raspberrypi/pico-bootrom .

2.7.2. Processor Controlled Boot Sequence

A flow diagram of the boot sequence is given inFigure 13,
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| Processor 0 continues executing from ROM
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! The debug host (which initiated the rescue) will provide further instruction.
¥If watchdog scratch registers set to indicate pre-loaded code exists in SRAM, jump to that code
¥Check if SPI CS pin is tied low ("bootrom button"), and skip flash boot if so.
¥Set up 10 muxing, pad controls on QSPI pins, and initialise Synopsys SSI for standard SPI mode
¥Issue XIP exit sequence, in case flash is still in an XIP mode and has not been power-cycled
¥ Copy 256 bytes from SPI to internal SRAM (SRAMS5) and check for valid CRC32 checksum
¥If checksum passes, assume what we have loaded is a valid flash second stage
¥Start executing the loaded code from SRAM (SRAM5)
¥If no valid image found in SPI after 0.5 seconds of attempting to boot, drop to USB device boot
¥USB device boot: appear as a USB Mass Storage Device

! Can program the SPI flash, or load directly into SRAM and run, by dragging and dropping an image in UF2
format.

! Also supports an extended PICOBOOT interface

2.7.2.1. Watchdog Boot

Watchdog boot allows users to install their own boot handler, and divert control away from the main boot sequence on
non-POR/BOR resets. It also simplifies running code over the JTAG test interface. It recognises the following values
written to the watchdogOs upper scratch registers:

¥Scratch 4: magic number0xb007c0d3

¥Scratch 5: Entry point XORed with magic0xb007c0d3(0x4ff83f2d )
¥ Scratch 6: Stack pointer

¥Scratch 7: Entry point

If either of the magic numbers mismatch, watchdog boot does not take place. If the numbers match, the Bootrom zeroes
scratch 4 before transferring control, so that the behaviour does not persist over subsequent reboots.

2.7.2.2. Flash Boot Sequence

One of the main challenges of a warm flash boot is forcing the external flash from XIP mode to a mode where it will
accept standard SPI commands. There is no standard method to discontinue XIP on an unknown flash. The Bootrom
provides a best-effort sequence with broad compatibility, which is as follows:

¥CSn:;LIO[3:0]:4 ®0000(via pull downs to avoid contention), issue x32 clocks
¥CSn:0IO[3:O]:4 ®1111(via pull ups to avoid contention), issue x32 clocks
¥csn=1

¥CSn:0MOS|:®1 (driven low-Z, all other I10s Hi-Z), issue x16 clocks

This is designed to miss the XIP continuation codes on Cypress, Micron and Winbond parts. If the device is already in SPI
mode, it interprets this sequence as twoFFh NORnstructions, which should be ignored.

As this is best effort only, there may be some devices which obstinately remain in XIP mode. There are then two options:

¥Use a less efficient XIP mode where each transfer has an SPI instruction prefix, so the flash device remains
communicative in SPI mode.

¥Boot code installs a compatible XIP exit sequence in SRAM, and configures the watchdog such that a warm boot will
jump straight into this sequence, foregoing our canned sequence.
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Table 158. Bootrom
contents at fixed (well
known) addresses

2.7. Bootrom

After issuing the XIP exit sequence, the Bootrom attempts to read in the second stage from flash using standard3h serial
read commands, which are near-universally supported. Since the Bootrom is immutable, it aims for compatibility rather
than performance.

2.7.2.3. Flash Second Stage

The flash second stage must configure the SSI and the external flash for the best possible execute-in-place performance.
This includes interface width, SCK frequency, SPI instruction prefix and an XIP continuation code for address-data only
modes. Generally some operation can be performed on the external flash so that it does not require an instruction prefix
on each access, and will simply respond to addresses with data.

Until the SSI is correctly configured for the attached flash device, it is not possible to access flash via the XIP address
window. Additionally, the Synopsys SSI can not be reconfigured at all without first disabling it. Therefore the second stage
must be copied from flash to SRAM by the bootrom, and executed in SRAM.

Alternatively, the second stage can simply shadow an image from external flash into SRAM, and not configure execute-in-
place.

This is the only job of the second stage. All other chip setup (e.g. PLLs, Voltage Regulator) can be performed by platform
initialisation code executed over the XIP interface, once the second stage has run.

2.7.2.3.1. Checksum

The last four bytes of the image loaded from flash (which we hope is a valid flash second stage) are a CRC32 checksum
of the first 252 bytes. The parameters of the checksum are:

¥POIynomial: 0x04cl11db7

¥input reflection: no

¥Output reflection: no

¥Initial value: Oxffffffff

¥ Final XORDx00000000

¥Checksum value appears as little-endian integer at end of image

The Bootrom makes 128 attempts of approximately 4ms each for a total of approximately 0.5 seconds before giving up
and dropping into USB code to load and checksum the second stage with varying SPI parameters. If it sees a checksum
pass it will immediately jump into the 252-byte payload which contains the flash second stage.

2.7.3. Bootrom Contents

Some of the bootrom is dedicated to the implementation of the boot sequence and USB boot interfaces. There is also
code in the bootrom useful to user programs. Table 158 shows the fixed memory layout of the first handful of words in
the Bootrom which are instrumental in locating other content within the bootrom.

Address Contents Description

0x00000000 32 bit pointer Initial boot stack pointer

0x00000004 32 bit pointer Pointer to boot reset handler function

0x00000008 32 bit pointer Pointer to boot NMI handler function

0x0000000c 32 bit pointer Pointer to boot Hard fault handler function

0x00000010 ‘M','u" , 0x01 Magic

0x00000013 byte Bootrom version

0x00000014 16 bit pointer Pointer to a public function lookup table fom_func_table)
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0x00000016 16 bit pointer Pointer to a public data lookup table fom_data_table)

0x00000018 16 bit pointer Pointer to a helper function fom_table_lookup() )

2.7.3.1. Bootrom Functions

The Bootrom contains a number of public functions that provide useful RP2040 functionality that might be needed in the
absence of any other code on the device, as well as highly optimized versions of certain key functionality that would
otherwise have to take up space in most user binaries.

These functions are normally made available to the user by the Pico SDK, however a lower level method is provided to
locate them (their locations may change with each Bootrom release) and call them directly.

Assuming the three bytes starting at address 0x00000010are (M', 'u' , 0x01) then the three halfwords starting at offset
0x00000014are valid.

These three values can be used to dynamically locate other functions or data within the Bootrom. The version byte at
offset 0x00000013s informational and should not be used to infer the exact location of any functions.

The following code from the Pico SDK shows how the three 16-bit pointers are used to lookup other functions or data.

Pico SDKhttps://github.com/raspberrypi/pico-sdk/tree/pre_release/src/rp2_common/pico_bootrom/bbirtesni@ - 28

10 // Bootrom function: rom_table_lookup

11 // Returns the 32 bit pointer into the ROM if found or NULL otherwise.

12 typedef wvoid *(*rom_table_lookup_fn )( uintl6_t  *table , uint32_t  code);
13

14 /I Convert a 16 bit pointer stored at the given rom address into a 32 bit pointer

15 #define rom_hword_as_ptr(rom_address) (void *)(uintptr_t)(*(uint16_t *)rom_address)

16

17 void *rom_func_lookup (uint32_t code) {

18 rom_table_lookup_fn rom_table_lookup = (rom_table_lookup_fn ) rom_hword_as_ptr (0x18);
19 uintl6_t  *func_table = (uintl6_t *) rom_hword_as_ptr (0x14);

20 return  rom_table_lookup  (func_table , code);

21 }

22

23 void *rom_data_lookup (uint32_t code) {

24 rom_table_lookup_fn rom_table_lookup = (rom_table_lookup_fn ) rom_hword_as_ptr (0x18);
25 uintl6_t  *data_table = (uintl6_t *) rom_hword_as_ptr (0x16);

26 return  rom_table_lookup  (data_table , code);

27 }

The code parameter correspond to the CODEvalues in the tables below, and is calculated as follows:

uint32_t rom_table_code (char cl, char c2) {
E return (c2 << 8) | ci;

}

2.7.3.1.1. Fast Bit Counting / Manipulation Functions

These are optimized versions of common bit counting / manipulation functions.

In general you do not need to call these methods directly as the Pico SDKpico_aeabi_bits library replaces the
corresponding standard compiler library functions by default so that the standard functions such as__builtin_popcount or
_ clzdi2 uses the corresponding Bootrom implementations automatically (seepico_bit_opsfor more details).

These functions have changed in speed slightly between version 1 (V1) of the bootrom and version 2 (v2) .Fast Bit
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Table 159. Optimized
Bulk Memory Fill /
Copy Functions

Table 160. Flash
Access Functions

2.7. Bootrom

Counting / Manipulation Functions.

CODE Cycles Avg | Cycles Avg | Description
Vi V2

'P','3' 18 20 uint32_t _popcount32(uint32_t value)
Return a count of the number of1 bits in value.

'R','3 21 22 uint32_t _reverse32(uint32_t value)
Return the bits ofvalue in the reverse order.

L,3 13 9.6 uint32_t _clz32(uint32_t value)
Return the number of consecutive high ordero bits of value. If value is zero, returns
32.

T','3 12 11 uint32_t _ctz32(uint32_t value)
Return the number of consecutive low ordero bits of value. If value is zero, returns
32.

2.7.3.1.2. Fast Bulk Memory Fill / Copy Functions

These are highly optimized bulk memory fill and copy functions commonly provided by most language runtimes.

In general you do not need to call these methods directly as the Pico SDkico_aeabi_memlibrary replaces the
corresponding standard ARM EABI functions by default so that the standard C library functions e.gnemcppr memsetuse
the Bootrom implementations automatically (see pico_memory for more details).

CODE | Description
‘™M','S' uint8_t *_memset(uint8_t *ptr, uint8_t ¢, uint32_t n)
Sets n bytes start at ptr to the valuec and returnsptr .
‘M4 uint32_t *_memset4(uint32_t *ptr, uint8_t c, uint32_t n)
Setsn bytes start at ptr to the valuec and returns ptr . Note this is a slightly more efficient variant of_memse
that may only be used ifptr is word aligned.
‘™M','C' uint8_t *_memcpy(uint8_t *dest, uint8_t *src, uint32_t n)
Copiesn bytes starting at src to dest and returnsdest. The results are undefined if the regions overlap.
'C''4 uint8_t *_memcpy44(uint32_t *dest, uint32_t *src, uint32_t n)

Copiesn bytes starting at src to dest and returnsdest. The results are undefined if the regions overlap. Note

this is a slightly more efficient variant of _memcpthat may only be used ifdest and src are word aligned.

2.7.3.1.3. Flash Access Functions

These are low level flash helper functions.

CODE

Description

=

void _connect_internal_flash(void)

Restore all QSPI pad controls to their default state, and connect the SSI to the QSPI pads
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E''X' void _flash_exit_xip(void)
First set up the SSI for serial-mode operations, then issue the fixed XIP exit sequence described &ection
2.7.2.2. Note that the bootrom code uses the |0 forcing logic to drive the CS pin, which must be cleared
before returning the SSI to XIP mode (e.g. by a call to _flash_flush_cache). This function configures the SS
with a fixed SCK clock divisor of /6.

'R''E void _flash_range_erase(uint32_t addr, size_t count, uint32_t block_size, uint8_t block_cmd)
Erase acount bytes, starting ataddr (offset from start of flash). Optionally, pass a block erase command
e.g.D8h block erase , and the size of the block erased by this command!N!this function will use the larger
block erase where possible, for much higher erase speedaddr must be aligned to a 4096-byte sector, and
count must be a multiple of 4096 bytes.

'R')'P' void flash_range_program(uint32_t addr, const uint8_t *data, size_t count)
Program data to a range of flash addresses starting ataddr (offset from the start of flash) and count bytes
in size.addr must be aligned to a 256-byte boundary, andtount must be a multiple of 256.

'F,'C' void _flash_flush_cache(void)
Flush and enable the XIP cache. Also clears the 10 forcing on QSPI CSn, so that the SSI can drive the flash
chip select as normal.

C','X void _flash_enter_cmd_xip(void)

Configure the SSI to generate a standard3h serial read command, with 24 address bits, upon eachXIP
access. This is a very slow XIP configuration, but is very widely supported. The debugger calls this function
after performing a flash erase/programming operation, so that the freshly-programmed code and data is
visible to the debug host, without having to know exactly what kind of flash device is connected.

A typical call sequence for erasing a flash sector from user code would be:

Table 161. Debugging
Support Functions

2.7. Bootrom

¥ connect_internal_flash

¥_ﬂash_exit_xip

¥_ﬂash_range_erase(addr, 1<<12,1<< 16, 0xd8)

¥ flash_flush_cache

¥Either a call to _flash_enter_cmd_xip or call into a flash second stage that was previously copied out into SRAM

Note that, in between the first and last calls in this sequence, the SSI isot in a state where it can handle XIP accesses, so
the code that calls the intervening functions must be located in SRAM. The Pico SDKardware_flash library hides these

details.

2.7.3.1.4. Debugging Support Functions

These two methods simplify the task of calling code on the device and then returning control to the debugger.

CODE

Description

DT

_debug_trampoline

Simple debugger trampoline for break-on-return.

This methods helps the debugger call ROM routines without setting hardware breakpoints. The function
address is passed inr7 and args are passed throughro Er3 as per ABI.

This method does not return but executes aBKPT #0at the end.
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'D''E' _debug_trampoline_end

This is the address of the finalBKPT #0nstruction of debug_trampoline. This can be compared with the

program counter to detect completion of the debug_trampoline call.

2.7.3.1.5. Miscellaneous Functions

These remaining functions donOt fit in other categories and are exposed in the Pico SDK via thieo_bootrom library (see
pico_bootrom).

Table 162.
Miscellaneous

CODE | Description

Functions
'U,'B' void _reset_to_usb_boot(uint32_t gpio_activity_pin_mask, uint32_t disable_interface_mask)

Resets the RP2040 and uses the watchdog facility to re-start in USB boot mode:

¥gpio_activity_pin_mask is provided to enable an "activity light" via GPIO attached LED for the USB Mass
Storage Device:

| 0No pins are used as per a cold boot.

! Otherwise one bit per GPIO pin indicating which GPIO pins should be set to output and raised
whenever there is mass storage activity from the host.

¥disab|e_interface_mask may be used to control the exposed USB interfaces:
! 0 To enable both interfaces (as per a cold boot)
| 1To disable the USB Mass Storage Interface (se&ection 2.7.4)

| 2To disable the USB PICOBOOT Interface (se&ection 2.7.5

‘W' _wait_for_vector

This is the method that is entered by core 1 on reset to wait to be launched by core 0. There are few cases
where you should call this method (resetting core 1 is much better). This method does not return and
should only ever be called on core 1.

'E','C' deprecated

Do not use this function

2.7.3.2. Fast Floating Point Library

The Bootrom contains an optimized single-precision floating point implementation. The function pointers for these are
kept in a single structure found via therom_data_lookuptable (see Section 2.7.3.3.

2.7.3.2.1. Implementation Details

There is always a trade-off between speed and size. Whilst the overall goal for the floating-point routines is to achieve
good performance within a small footprint, the emphasis is more on improved performance for the basic operations (add,
subtract, multiply, divide and square root) and more on reduced footprint for the scientific functions (trigonometric
functions, logarithms and exponentials).

The IEEE single- and double-precision data formats are used throughout, but in the interests of reducing code size, input
denormals are treated as zero, input NaNs are treated as infinities, output denormals are flushed to zero, and output NaNs
are rendered as infinities. Only the round-to-nearest, even-on-tie rounding mode is supported. Traps are not supported.

The five basic operations return results that are always correctly rounded.

The scientific functions always return results within 1 ULP (unit in last place) of the exact result. In many cases results are
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Table 163. Single-
precision Floating
Point Function Table.
Timings are average
time in us over
random (worst case)
input. Functions with
timing of N/A are not
present in that ROM
version, and the
function pointer
should be considered
invalid. The functions
(and table entries)
from offset 0x54
onwards are only
present in the V2
ROM.

2.7. Bootrom

better.

The scientific functions are calculated using internal fixed-point representations so accuracy (as measured in ULP error
rather than in absolute terms) is poorer in situations where converting the result back to floating point entails a large

normalising shift. This occurs, for example, when calculating the sine of a value near a multiple of pi, the cosine of a value
near an odd multiple of pi/2, or the logarithm of a value near 1. Accuracy of the tangent function is also poorer when the
result is very large. Although covering these cases is possible, it would add considerably to the code footprint, and there
are few types of program where accuracy in these situations is essential.

The sine, cosine and tangent functions also only operate correctly over a limited range: -128 < x < +128 for single-
precision arguments x and -1024 < x < +1024 for double-precision x. This is to avoid the need to (at least in effect) store
the value of pi to high precision within the code, and hence saves code space. Accurate range reduction over a wider
range of arguments can be done externally to the library if required, but again there are few situations where this would be
needed.

' NOTE

The Pico SDK cos/sin functions perform this range reduction, so accept the full range of arguments, though are slower
for inputs outside of thes ranges.

2.7.3.2.2. Functions

These functions follow the standard ARM EABI for passing floating point values.

You do not need to call these methods directly as the Pico SDKico_float and pico_double libraries used by default
replace the ARM EABI Float functionssuch that C/C++ level code (or indirectly code in languages such adMicroPython
that are implemented in C) use these Bootrom functions automatically for the corresponding floating point operations.

Some of these functions do not behave exactly the same as some of the corresponding C library functions. For that
reason if you are using the Pico SDK it is strongly advised that you simply use the regulanath.h functions or those in
pico/float.h  or pico/double.h and not try to call into the bootrom directly.

Note that double-precision floating point support is not present in version 1 of the bootrom, but the above mentioned
pico_doublelibrary in the SDK will take care of pulling in any extra code needed for version 1.

' NOTE

for more information on using floating point in the Pico SDK, and real world timings (noting also that some conversion
functions are re-implemented in the Pico SDK to be faster) seéloating point support.

Offset V1 Cycles

(Avg)

V2 Cycles
(Avg)

Description

Functions common to V1 and V2 of the bootrom

0x00 71 71 float _fadd(float a, float b)
Returna + b

0x04 74 74 float _fsub(float a, float b)
Returna-b

0x08 69 58 float _fmul(float a, float b)
Returna*b

0x0c 71 71 float _fdiv(float a, float b)

Returna/b
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0x10 N/A N/A deprecated
Do not use this function

0x14 N/A N/A deprecated
Do not use this function

0x18 63 63 float _fsqrt(float v)
Return,/v or -Infinity if v is negative. (Note V1 returnstIinfinity in this case)

Oxlc 37 40 int _float2int(float v)
Convert a float to a signed integer, rounding towards-Infinity, and clamping the
result to lie within the range-0x80000000t0 0x7FFFFFFF

0x20 36 39 int _float2fix(float v, int n)
Convert a float to a signed fixed point integer representation wheren specifies the
position of the binary point in the resulting fixed point representation - e.g
_float2fix(0.5f, 16) == 0x8000 . This method rounds towards -Infinity, and clamps
the resulting integer to lie within the range-0x80000000to 0x7FFFFFFF

0x24 38 39 uint _float2uint(float v)
Convert a float to an unsigned integer, rounding towards-Infinity, and clamping the
result to lie within the range 0x00000000t0 OxFFFFFFFF

0x28 38 38 uint _float2ufix(float v, int n)
Convert a float to an unsigned fixed point integer representation wheren specifies
the position of the binary point in the resulting fixed point representation, e.g
_float2ufix(0.5f, 16) == 0x8000 . This method rounds towards -Infinity, and clamps
the resulting integer to lie within the range0x00000000to OxFFFFFFFF

0x2c 55 55 float _int2float(int v)
Convert a signed integer to the nearest float value, rounding to even on tie

0x30 53 53 float _fix2float(int32_t v, int n)
Convert a signed fixed point integer representation to the nearest float value,
rounding to even on tie.n specifies the position of the binary point in fixed point, so
f = nearest(v/2n)

0x34 54 54 float _uint2float(uint32_t v)
Convert an unsigned integer to the nearest float value, rounding to even on tie

0x38 52 52 float _ufix2float(uint32_t v, int n)
Convert an unsigned fixed point integer representation to the nearest float value,
rounding to even on tie.n specifies the position of the binary point in fixed point, so
f = nearest(v/2")

0x3c 603 587 float _fcos(float angle)
Return the cosine ofangle. angle is in radians, and must be in the range -128 to 128

0x40 593 577 float _fsin(float angle)

Return the sine ofangle. angleis in radians, and must be in the range -128 to 128

2.7. Bootrom
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0x44

669

653

float _ftan(float angle)

Return the tangent of angle. angle is in radians, and must be in the range -128 tg
128

0x48

N/A

N/A

deprecated

Do not use this function

Ox4c

542

524

float _fexp(float v)

Return the exponential value of v, i.e. seVv

0x50

810

789

float _fIn( float v)

Return the natural logarithm of v. Ify< = ( return -Infinity

Functions (al

nd table entries) present in the V2 bootrom only

0x54

N/A

25

int _fcmp(float a, float b)

Compares two floating point numbers, returning:
¥Yoifa==
¥-1ifa<b
¥iifa>b

0x58

N/A

667

float _fatan2(float y, float x)

Computes the arc tangent of y/x using the signs of arguments to determine the
correct quadrant

0x5¢

N/A

62

float _int642float(int64_t v)

Convert a signed 64-bit integer to the nearest float value, rounding to even on tie

0x60

N/A

60

float _fix642float(int64_t v, int n)

Convert a signed fixed point 64-bit integer representation to the nearest float value,
rounding to even on tie.n specifies the position of the binary point in fixed point, so
f = nearest(v/2")

0x64

N/A

58

float _uint642float(uint64_t v)

Convert an unsigned 64-bit integer to the nearest float value, rounding to even on
tie

0x68

N/A

57

float _ufix642float(uint64_t v, int n)

Convert an unsigned fixed point 64-bit integer representation to the nearest floa
value, rounding to even on tien specifies the position of the binary point in fixed
point, so f = nearest(v /2")

0x6¢

N/A

54

_float2int64

Convert a float to a signed 64-bit integer, rounding towards-Infinity, and clamping
the result to lie within the range-0x80000000000000000 0x7FFFFFFFFFFFFFFF
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0x70 N/A 53 _float2fix64

Convert a float to a signed fixed point 64-bit integer representation wheren
specifies the position of the binary point in the resulting fixed point representation -

e.g. _float2fix(0.5f, 16) == 0x8000 . This method rounds towards -Infinity, and
clamps the resulting integer to lie within the range -0x8000000000000000t0
OX7FFFFFFFFFFFFFFF

0x74 N/A 42 _float2uint64

Convert a float to an unsigned 64-bit integer, rounding towards-Infinity, and
clamping the result to lie within the range0x000000000000000tb OxFFFFFFFFFFFFFFFR

0x78 N/A 41 _float2ufix64

Convert a float to an unsigned fixed point 64-bit integer representation wheren
specifies the position of the binary point in the resulting fixed point representation

e.g. _float2ufix(0.5f, 16) == 0x8000 . This method rounds towards -Infinity, and
clamps the resulting integer to lie within the range 0x0000000000000000t0
OXxFFFFFFFFFFFFFFFF

0x7c N/A 15 double _float2double(float v)

Converts a float to a double

Note that the V2 bootrom contains an equivalent table of functions for double-precision floating point operations. The
offsets are the same, however where there was now float there is double (and vice versa for the float<>double conversion)

Table 164. Double-
precision Floating

Point Function Table. (Avg)
Timings are average

Offset V2 Cycles | Description

o 0x00 91 double _dadd(double a, double b)
time in us over
random (worst case) Return a + b
input. Functions with
timing of /A are not 0x04 95 double _dsub(double a, double b)
present in that ROM
version, and the Return a - b
function pointer
should be considered | 5, g 155 | double _dmul(double a, double b)
invalid. The functions
(and table entries) Returna*b
from offset 0x54
onwards are only 0x0c 183 double _ddiv(double a, double b)
present in the V2
ROM. Returna/b
0x10 N/A deprecated

Do not use this function

0x14 N/A deprecated

Do not use this function

0x18 169 double _dsqrt(double v)

Return/v or -Infinity if v is negative.

Oxlc 75 int _double2int(double v)

Convert a double to a signed integer, rounding towardsInfinity, and clamping the result to lie
within the range -0x80000000t0 0x7FFFFFFF
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Offset V2 Cycles | Description
(Avg)

0x20 74 int _double2fix(double v, int n)
Convert a double to a signed fixed point integer representation where specifies the position
of the binary point in the resulting fixed point representation - e.g. double2fix(0.5f, 16) ==
0x800Q This method rounds towards -Infinity, and clamps the resulting integer to lie within the
range -0x80000000to 0x7FFFFFFF

0x24 63 uint _double2uint(double v)
Convert a double to an unsigned integer, rounding towardsInfinity, and clamping the result
to lie within the range 0x00000000t0 OxFFFFFFFF

0x28 62 uint _double2ufix(double v, int n)
Convert a double to an unsigned fixed point integer representation wheren specifies the
position of the binary point in the resulting fixed point representation, e.g. double2ufix(0.5f,
16) == 0x8000. This method rounds towards -Infinity, and clamps the resulting integer to lie
within the range 0x00000000t0 OXFFFFFFFF

0x2c 69 double _int2double(int v)
Convert a signed integer to the nearest double value, rounding to even on tie

0x30 68 double _fix2double(int32_t v, int n)
Convert a signed fixed point integer representation to the nearest double value, rounding to
even on tie.n specifies the position of the binary point in fixed point, sof = nearest(v /2")

0x34 64 double _uint2double(uint32_t v)
Convert an unsigned integer to the nearest double value, rounding to even on tie

0x38 62 double _ufix2double(uint32_t v, int n)
Convert an unsigned fixed point integer representation to the nearest double value, rounding
to even on tie. n specifies the position of the binary point in fixed point, so
f = nearest(v/2n)

0x3c 1617 double _dcos(double angle)
Return the cosine ofangle. angle is in radians, and must be in the range -1024 to 1024

0x40 1618 double _dsin(double angle)
Return the sine ofangle. angleis in radians, and must be in the range -1024 to 1024

0x44 1891 double _dtan(double angle)
Return the tangent ofangle. angle is in radians, and must be in the range -1024 to 1024

0x48 N/A deprecated
Do not use this function

Ox4c 804 double _dexp(double v)
Return the exponential value of v, i.e. sev

2.7. Bootrom
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Offset V2 Cycles | Description
(Avg)
0x50 428 double _dIn( double v)
Return the natural logarithm of v. Ify< = Q return -Infinity
0x54 39 int _dcmp(double a, double b)
Compares two floating point numbers, returning:
¥oifa==
¥-1ifa<b
¥iifa>b
0x58 2168 double _datan2(double y, double x)
Computes the arc tangent of y/x using the signs of arguments to determine the correct
quadrant
0x5¢ 55 double _int642double(int64_t v)
Convert a signed 64-bit integer to the nearest double value, rounding to even on tie
0x60 56 double _dix642double(int64_t v, int n)
Convert a signed fixed point 64-bit integer representation to the nearest double value
rounding to even on tie. n specifies the position of the binary point in fixed point, so
f = nearest(v/2n)
0x64 50 double _uint642double(uint64_t v)
Convert an unsigned 64-bit integer to the nearest double value, rounding to even on tie
0x68 49 double _ufix642double(uint64_t v, int n)
Convert an unsigned fixed point 64-bit integer representation to the nearest double value
rounding to even on tie. n specifies the position of the binary point in fixed point, so
f = nearest(v/2n)
0x6¢c 64 _double2int64
Convert a double to a signed 64-bit integer, rounding towards-Infinity, and clamping the
result to lie within the range-0x80000000000000000 0x7FFFFFFFFFFFFFFF
0x70 63 _double2fix64
Convert a double to a signed fixed point 64-bit integer representation where specifies the
position of the binary point in the resulting fixed point representation - e.g. double2fix(0.5f,
16) == 0x8000. This method rounds towards -Infinity, and clamps the resulting integer to lie
within the range -0x80000000000000000 0x7FFFFFFFFFFFFFFF
0x74 53 _double2uint64

Convert a double to an unsigned 64-bit integer, rounding towardsInfinity, and clamping the
result to lie within the range 0x000000000000000td 0xFFFFFFFFFFFFFFFF
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Offset V2 Cycles | Description
(Avg)

0x78 52 _double2ufix64
Convert a double to an unsigned fixed point 64-bit integer representation where specifies
the position of the binary point in the resulting fixed point representation, e.g
_double2ufix(0.5f, 16) == 0x8000 . This method rounds towards -Infinity, and clamps the
resulting integer to lie within the range0x000000000000000td OxFFFFFFFFFFFFFFFF

0x7c 23 float _double2float(double v)
Converts a double to a float

2.7.3.3. Bootrom Data

The Bootrom data table fom_data_table) contains the following pointers.

CODE | Value (16 bit pointer) Description
'C'/'R' const char *copyright_string
The Raspberry Pi Trading Ltd copyright string.
'G'R' const uint32_t *git_revision
The 8 most significant hex digits of the Bootrom git revision.
F's' fplib_start
The start address of the floating point library code and data. This andplib_end along with the individual
function pointers in soft_float_table  can be used to copy the floating point implementation into RAM if
desired.
'SV'F soft_float_table
SeeTable 163 for the contents of this table.
FE' fplib_end
The end address of the floating point library code and data.
S','D soft_double_table
This entry is only present in the V2 bootrom. Seélable 164 for the contents of this table.
P8 deprecated This entry is not present in the V2 bootrom; do not use it.
'R,'8' deprecated This entry is not present in the V2 bootrom; do not use it.
e deprecated This entry is not present in the V2 bootrom; do not use it.
T8 deprecated This entry is not present in the V2 bootrom; do not use it.

2.7.4. USB Mass Storage Interface

The Bootrom provides a standard USB bootloader that makes a writeable drive available for copying code to the RP2040
using UF2files (see Section 2.7.4.29).

A UF2 file copied to the drive is downloaded and written to Flash or RAM, and the device is automatically rebooted,
making it trivial to download and run code on the RP2040 using only a USB connection.
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2.7. Bootrom

2.7.4.1. The RPI-RP2 Drive

The RP2040 appears as a standard 128MB flash drive namedRPI-RP2formatted as a single partition with FAT16. There
are only ever two actual files visible on the drive specified.

¥|NFOfUF2.Tx¢contains a string description of the UF2 bootloader and version.
Y INDEX HTMredirects to information about the RP2040 device.

Any type of files may be written to the USB drive from the host, however in general these are not stored, and ordppear
to be so because of caching on the host side.

When a UF2 file is written to the device however, the special contents are recognized and data is written to specified
locations in RAM or Flash. On the completed download of an entire valitUF2file, the RP2040 automatically reboots to run
the newly downloaded code.

' NOTE

The INDEX.HTfile is currently redirected tohttps://pico.raspberrypi.org/getting-started

2.7.4.2. UF2 Format Details

There are requirements on aUF2file to be valid to download to the RP2040. It is important that you always use validUF2
files (as for example generated by[elf2uf2]), as invalid files may be partially written and then silently fail. Note that on
some operating systems you may receive a disk write error on failure, but this is not guaranteec TO DO: GRAHAM: link
elf2uf2 to the appropriate content, after itOs been added

¥AII data destined for the device must be in aUF2block with familylD present and set to Oxe48bff56, and apayload_size
of 256.

¥AII data must be destined for (and fit entirely within) the following memory ranges (depending on the type of binary
being downloaded which is determined by the address of the firstUF2 block encountered):

a. A regular flash binary

" 0x1000000€0x11000000Flash: All blocks must be targeted at 256 byte alignments. Writes beyond the end of
physical flash will wrap back to the beginning of flash.

b. ARAM onlybinary
" 0x200000060x20042000Main RAM:Blocks can be positioned with byte alignment.

" 0x150000060x15004000Flash Cachei(since flash is not being targeted, the Flash Cache is available for use as
RAM with same properties asMain RAM).

Note that traditionally UF2 has only been used to write to Flash, but this is more a limitation of using the metadata
free .BIN file as the source to generate theUF2 file. RP2040 takes full advantage of the inherent flexibility olUF2 to

support the full range of binaries in the richer.ELF format produced by the build to be used as the source for theUF2

file.

¥The numBlocksmust specify a total size of the binary that fits in the regions specified above

¥ A change of numBlocksor the binary type (determined byUF2 block target address) will discard the current transfer in
progress.

¥AII data must be in blocks without the UF2_FLAG_NOT_MAIN_Fi¥egking which relates to content to be ignored rather
than Flash vs RAM.

Note that flash is erased a 4K sector at a time, so writing to only a subset of a 4K flash sector will leave the rest of that
flash sector undefined. Beyond that there is no requirement that a binary be contiguous.

Note that a binary is considered "downloaded" when each of thenumBlocksblocks has been seen at least once in the
course of a single valid transfer. The data for a block is only written the first time in case of the host resending duplicate
blocks.
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