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Chapter 1. About the RP2040
RP2040 is a low-cost, high-performance microcontroller device with flexible digital interfaces. Key features:

¥Dual Cortex M0+ processors, 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 IO for extended peripheral support

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

¥USB 1.1 Host/Device

Figure 1. A system
overview of the
RP2040 chip

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 peripheral IP provides fixed functions such as SPI, I2C, UART.

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

A simple USB controller with embedded PHY can be used to provide FS/LS Host or Device connectivity under software
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control.

4 GPIOs also share package pins with ADC inputs.

2 PLLs are available to provide a USB or ADC fixed 48MHz clock, and a flexible system clock up to 133MHz

An internal Voltage Regulator will supply the core voltage so the end product only needs supply the IO voltage.
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Chapter 2. Minimal Design Example
Figure 2. KiCad 3D
rendering of the
Minimal Design
Example

This minimal design example is intended to demonstrate how you can get started with your own RP2040 based PCB
designs. It consists of very nearly the minimum amount of circuitry required to make a functional design that can run your
code. Schematics and layout files are available for KiCad at https://datasheets.raspberrypi.org/rp2040/Minimal-
KiCAD.zip. KiCad is a free, open source suite of tools for designing PCBs and can be found at https://kicad.org/ .

This example PCB has two copper layers, and has components on the top side only (this makes it cheaper and easier to
assemble). It also uses small SMD (surface mount devices) components. The relatively large minimum track width,
clearances and hole sizes should make this design easily and cheaply manufacturable from a range of PCB suppliers. The
board is nominally 1mm thick, but it could be manufactured with a thicker PCB, for example 1.6mm is very common, but
you might run into difficulties with the USB characteristic impedance (discussed below).

Whilst it might be seen as beneficial to use large, easily hand-solderable components for such an example design, the
reality is that RP2040 is a 56 pin, 7x7mm QFN (Quad Flat No-leads) package with a small pitch (0.4mm pin-to-pin
spacing). This requires a considerable amount of skill and experience to hand solder successfully. We therefore consider
it best to have the PCBs machine assembled, however, if you are able to wield a soldering iron deftly enough to solder a
QFN package successfully, then the use of other small SMD components (such as 0402 capacitors) should present few
problems.
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Figure 3. Schematic
section RP2040
connections

This design consists of four main elements: power, flash storage, crystal oscillator, and IOs (Input/Outputs) , and weÕll
consider each in turn below.

2.1. Power
At its simplest, RP2040 requires two different voltage supplies, 3.3V (for the IO) and 1.1V (for the chipÕs digital core).
Fortunately, there is an internal Low Dropout Voltage Regulator (LDO) built into the device, which converts 3.3V to 1.1V for
us, so we donÕt have to worry too much about the 1.1V supply.

2.1.1. Input Supply

Figure 4. Schematic
section showing the
Power input

The input power connection for this design is via the 5V VBUS pin of a Micro-USB connector (labelled J1 in Figure 4). This
is a common method of powering electronic devices, and it makes sense here, as RP2040 has USB functionality, which
we will be wiring to the data pins of this connector. As we need only 3.3V for this design, we need to lower the incoming
5V USB supply, in this case, using a second, external LDO voltage regulator. The NCP1117 (U1) chosen here has a fixed
output of 3.3V, is widely available, and can provide up to 1A of current, which will be plenty for most designs. A look at the
datasheet for the NCP1117 tells us that this device requires a 10!F  capacitor on the input, and another on the output (C1
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and C4).

2.1.2. Decoupling Capacitors

Figure 5. Schematic
section showing the
RP2040  power supply
inputs, Voltage
Regulator and
decoupling capacitors

Another aspect of the power supply design are the decoupling capacitors required for RP2040. These provide two basic
functions. Firstly, they filter out power supply noise, and secondly, provide a local supply of charge that the circuits inside
RP2040 can use at short notice. This prevents the voltage level in the immediate vicinity from dropping too much when
the current demand suddenly increases. Because, of this, it is important to place decoupling close to the power pins .
Ordinarily, we recommend the use of a 100nF capacitor per power pin , however, we deviate from this rule in a couple of
instances.

Figure 6. Section of
layout showing
RP2040 routing and
decoupling

Firstly, in order to be able to have enough space for all of the chip pins to be able to be routed out, away from the device,
we have to compromise with the amount of decoupling capacitors we can use. In this design, pins 48 and 49 of RP2040
share a single capacitor (C9 in Figure 6 and Figure 5), as there is not a lot of room on that side of the device. This could be
overcome if we used more complex/expensive technology, such as smaller components, or a four layer PCB with
components on both the top and bottom sides. This is a design trade-off; we have decreased the complexity and cost, at
the expense of having less decoupling capacitance, and capacitors which are slightly further away from the chip than is
optimal (this increases the inductance). This could have the effect of limiting the maximum speed the design could
operate at, as the voltage supply could get too noisy and drop below the minimum allowed voltage; but for most
applications, this trade-off should be acceptable.

Secondly, the internal Voltage Regulator has its own special requirements, as you can see below.

2.1.3. Internal Voltage Regulator

The internal Voltage Regulator produces a 1.1V supply from an input of 3.3V. We simply connect the VREG_OUT pin to the
DVDD pins. The regulator does have some special requirements when it comes to decoupling capacitors. We must place
1!F capacitors close to both the input (VREG_IN) and the output (VREG_OUT), in order to provide a stable 1.1V supply.
The Voltage Regulator also has restrictions on the amount of ESR (Equivalent Series Resistance) of these capacitors, but
in practice, by using physically small ceramic chip capacitors, these requirements will almost certainly be met. In this
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design, capacitors C8 and C10 (Figure 5) are ceramic capacitors of 0402 size.

For more details on the on-chip voltage regulator see On-Chip Voltage Regulator

2.2. Flash storage

Figure 7. Schematic
section showing the
flash memory and
USB_BOOT circuitry

In order to be able to store program code which RP2040 can boot and run from, we need to use a flash memory,
specifically, a quad SPI flash memory. The device chosen here is an W25Q128JVS device (U2 in the Figure 7), which is a
128Mbit chip (16Mbyte). This is the largest memory size that RP2040 can support. If your particular application doesnÕt
need as much storage, then a smaller, cheaper memory could be used instead.

For more details on selecting a flash device see SSI

As this databus can be quite high frequency and is regularly in use, the QSPI pins of RP2040 should be wired directly to
the flash, using short connections  to maintain the signal integrity, and to also reduce crosstalk in surrounding circuits.
Crosstalk is where signals on one circuit net can induce unwanted voltages on a neighbouring circuit, potentially causing
errors to occur.

The QSPI_SS signal is a special case. It is connected to the flash directly, but it also has two resistors connected to it.
The first (R2) is a pull-up to the 3.3V supply. The flash memory requires the chip-select input to be at the same voltage as
its own 3.3V supply pin as the device is powered up, otherwise, it does not function correctly. When the RP2040 is
powered up, its QSPI_SS pin will automatically default to a pull-up, but there is a short period of time during switch-on
where the state of the QSPI_SS pin cannot be guaranteed. The addition of a pull-up resistor ensures that this requirement
will always be satisfied. R2 is marked as DNF (Do Not Fit) on the schematic, as we have found that with this particular
flash device, the external pull-up is unnecessary. However, if a different flash is used, it may become important to be able
to insert a 10k½ resistor here, so it has been included just in case. The second resistor (R1) is a 1k½ resistor, connected to
a header (J2) labelled 'USB_BOOT'. This is because the QSPI_SS pin is used as a 'boot strap'; RP2040 checks the value of
this IO during the boot sequence, and if it is found to be a logic 0, then RP2040 reverts to the BOOTSEL mode, where
RP2040 presents itself as a USB mass storage device, and code can be copied directly to it. If we simply place a jumper
wire between the pins of J2, we pull QSPI_SS pin to ground, and if the device is then subsequently reset (e.g. by toggling
the RUN pin), RP2040 will restart in BOOTSEL mode instead of attempting to run the contents of the flash.

Both R1 and R2 should be placed close to the flash chip, so we avoid additional lengths of copper tracks which could
affect the signal.

2.3. Crystal oscillator
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Figure 8. Schematic
section showing the
crystal oscillator and
load capacitors

Strictly speaking, RP2040 does not actually require an external clock source, as it has its own internal oscillator. However,
as the frequency of this internal oscillator is not well defined or controlled, varying from chip to chip, as well as with
different supply voltages and temperatures, it is recommended to use a stable external frequency source. Applications
which rely on exact frequencies are not possible without an external frequency source, USB being a prime example.

Providing an external frequency source can be done in one of two ways: either by providing a clock source with a CMOS
output  (3.3V square wave) into the XIN pin, or by using a 12MHz crystal  connected between XIN and XOUT. Using a
crystal is the preferred option here, as they are both relatively cheap and very accurate.

The chosen crystal for this design is an ABLS-12.000MHZ-B4-T (Y1 in Figure 8). This is a commonly available 12MHz
crystal with a 30ppm tolerance, which should be good enough for most applications. This device also has a maximum
ESR of 50½, and a load capacitance of 18pF, both of which have a bearing on the choice of accompanying components.

For a crystal to oscillate at the desired frequency, the manufacturer specifies the load capacitance that it needs for it to do
so, and in this case, it is 18pF. This load capacitance is achieved by placing two capacitors of equal value, one on each
side of the crystal to ground (C2 and C3). From the crystalÕs point of view, these capacitors are connected in series
between its two terminals. Basic circuit theory tells us that they combine to give a capacitance of (C2*C3)/(C2+C3), and
as C2=C3, then it is simply C2/2. In this example, weÕve used 27pF capacitors, so the series combination is 13.5pF. In
addition to this intentional load capacitance, we must also add a value for the unintentional extra capacitance, or parasitic
capacitance, that we get from the PCB tracks and the XIN and XOUT pins of RP2040. WeÕll assume a value of 5pF for this,
and as this capacitance is in parallel to C2 and C3, we simple add this to give us a total load capacitance of 18.5pF, which
is close enough to the target of 18pF.

The second consideration is the maximum ESR (Equivalent Series Resistance) of the crystal. WeÕve opted for a device with
a maximum of 50½, as weÕve found that this, along with a 1k½ series resistor (R5), is a good value to prevent the crystal
being over-driven and being damaged. You may have to adjust these values if you choose to use a different crystal.

2.4. IOs

2.4.1. USB

Figure 9. Schematic
section showing the
USB pins of RP2040
and series termination

The RP2040 provides two pins to be used for Full Speed (FS) or Low Speed (LS) USB, either as a Host or Device, depending
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