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1. Introduction

Full-speed USB operates at 12 Mb/s, and although this is not a high data rate, observing
some basic rules or guidelines will usually guarantee successful operation. This
application note highlights some of the more important issues that you need to be aware
of for a typical full-speed USB application.

2. Typical full-speed USB schematics
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2.1 Termination resistors

2.2

In Fig 1, there are two 33 Q resistors (R1 and R2) that are required for proper USB
operation. The USB specification requires that the USB device have a 45 Q single-ended
or 90 Q differential impedance. This impedance includes the impedance of the USB
transceiver. The impedance of the USB transceiver is lower than the requirement of the
USB specification, so the 33 Q resistors are required to bring the device impedance
within the required specification limits. At this time, all NXP microcontrollers with a full-
speed USB peripheral use 33 Q resistors, but please check the device data sheet or
reference schematics as this value may change.

These resistors should be placed as close to the microcontroller as possible.

USB_Connect

A full-speed USB device requires a 1.5 kQ resistor between the USB_DP pin and 3.3 V.
A USB host controller has 15 kQ resistors on both the USB_DP and USB_DM signal
lines, which holds them in a low state. When the USB device is plugged into a USB host
controller, the host detects the device when it senses that the USB_DP line has been
pulled high through the 1.5 kQ resistor.

The USB_Connect circuit is shown in Fig 1. It uses a PNP transistor and a base
transistor (a Resistor Equipped Transistor (RET) may also be used to minimize the
component count) to allow the user to connect or disconnect the 1.5 kQ pull-up resistor
from USB_DP. When the USB_Connect signal goes low, the PNP transistor turns on and
the 1.5 kQ resistor pulls up the USB_DP signal. This indicates to the USB host that a
USB device has been inserted into the USB connector.

It is not required that you use USB_Connect in a bus-powered application. If
USB_Connect is not used, then the 1.5 kQ pull-up resistor can be directly connected
between USB_DP and the 3.3 V supply voltage.

When using the microcontroller in a self-powered application, you are required to use
USB_Connect. The reason it is needed is due to the USB back-voltage test requirement.
The USB specification states that a maximum of 400 mV may be measured on the
VBUS, USB_DP, or USB_DM when the device is not plugged into a USB port. In a self-
powered application, if the 1.5 kQ resistor was connected directly between the 3.3 V
supply and the USB_DP line, then the voltage on USB_DP would exceed the 400 mV
limit imposed by the USB specification, and you would fail compliance testing.
Implementing USB_Connect ensures that USB_DP will not exceed the 400 mV
requirement, since the microcontroller will automatically place USB_Connect in a high
state when VBUS is not detected (when it is not connected to a USB host controller). See
the “Universal Serial Bus Implementers Forum Full and Low Speed Electrical and
Interoperability Compliance Test Procedure” that can be downloaded from the usb.org
website for further details.
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Fig 1. Termination resistors and USB_Connect

2.3 VBUS

The VBUS pin on the microcontroller should be connected to the VBUS pin on the USB
connector. A series resistor between the connector and the VBUS pin can be included to
minimize the chance of a noise spike causing damage to the VBUS pin.

The VBUS pin is 5V tolerant as long as there is a voltage applied to the microcontroller’s
supply pins. If there is no voltage on the supply pins, then the voltage applied to the
VBUS pin must be limited to a maximum of 3.6 V. You may encounter this situation in a
self-powered application where you power-down the supply to the microcontroller while
the USB device is still plugged into a USB port.

If there is a possibility that the microcontroller could be unpowered while voltage is still
applied to VBUS, then a resistor divider network should be placed between the connector
and VBUS to ensure the maximum voltage is 3.6 V. In Fig 2, a voltage divider made of
24 kQ and 39 kQ resistors is used to limit the voltage at pin USB_VBUS. The value of the
resistors is not critical, however, if they are too low they will consume excess current
through the voltage divider.
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Fig 2.  Connection to VBUS

2.4 Bypass capacitors

2.5

2.6

It is important to use a decoupling capacitor on each supply pin. A recommended value
to start with is 0.1 yF.

Inrush current limiting

A USB device has a capacitance between VBUS and ground. If this capacitance is too
high, an excessive current will flow when it is first plugged into the USB host port. This
will cause the voltage on VBUS to droop more than the maximum allowable 330 mV
dictated by the USB specification. In order to ensure that the VBUS voltage does not
drop below the allowable limit, the maximum load at the end of a USB cable is defined by
the USB specification to be 10 uF in parallel with 44 Q. The 10 uF represents the
capacitance directly connected to the VBUS line, in addition to any capacitance that is
visible through the voltage regulator. The 44 Q resistance is equivalent to one unit load
drawn by the device.

Care must be taken to avoid exceeding the inrush current since this parameter is
monitored during USB compliance testing, and is one of the frequent reasons for failing
USB testing.

EMI/ESD considerations

Cables for full-speed USB must include an integrated shield. A properly designed cable
offers significant EMI suppression on the conductors inside the shield. The challenge for
USB compliance is preventing the high frequency energy from the PCB from being
coupled to the shield. A ferrite bead may be used between the USB connector shield and
PCB ground to improve the EMI from the PCB from being coupled to the cable shield.
This is shown as component L1 in Fig 2.

Noise from VBUS and ground may be improved by using ferrite beads.
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Although it is possible to use ferrite beads on the USB_DP and USB_DM signal lines in a
full-speed application, it is not recommended.

Capacitors C1 and C2 in Fig 1 may be used for edge rate control and to bypass high
frequency energy to ground. These capacitors should be limited to a maximum of 50 pF
and should be located as close to the microcontroller as possible. The capacitors are not
required for the LPC microcontrollers to meet the “eye diagram” signal testing
requirements, but improvements in noise-related problems have been reported when
using the capacitors.

ESD protection diodes with a maximum capacitance of 50 pF are recommended on the
USB_DP and USB_DM signal lines; this capacitance should be taken into consideration
if the edge rate capacitors C1 and C2 are included in the schematics.

Clock circuit

When using a full-speed USB peripheral, it is important to use an external crystal, or a
tight frequency tolerance ceramic resonator, for the timing element. The internal 12 MHz
11 % RC oscillator, while very accurate, does not have the accuracy required for USB.

The USB peripheral operates at a clock frequency of 48 MHz, so the crystal must be
chosen such that a multiple of its frequency is equal to 48 MHz. A parallel resonant
12 MHz crystal with a data signaling tolerance of 0.25 %, or £2500 ppm is required.

Fig 3 shows the crystal oscillator circuit for the LPC microcontrollers.

Fig 3. Crystal oscillator circuit

The value of the crystal load capacitors (C3 and C4 in Fig 3) affects the accuracy of the
oscillator. The following formula may be used to calculate a parallel resonant crystal's
external load capacitors:

CL=((C3xC4)/(C3 + C4)) + Cyyray
where:

CL = the crystal load capacitance

All information provided in this document is subject to legal disclaimers. © NXP B.V. 2014. All rights reserved.

Rev. 1.1 — 19 February 2014 6 of 11



NXP Semiconductors AN11392

2.8

Guidelines for full-speed USB on NXP's LPC microcontrollers

Csiray = the stray capacitance in the oscillator circuit, which will normally be in the 2pF to
5pF range.

Assuming that C3=C4 then the equation becomes:
CL = ((C3xC4)/(2x C3)) + Cstray
CL = (C3/2) + Cgay
Rearranging the equation, we can find the external load capacitor value:
C3 = 2(CL - Cgtray)
For example, if the crystal load capacitance is 15 pF, and assuming Cgay = 5 pF, then:
C3=C4=2(15pF -5 pF) =20 pF

It is difficult to know exactly what the stray capacitance is on a particular PCB, but if you
find the oscillation frequency is too high, the load capacitor values can be increased. If
the frequency is too low, the load capacitors can be decreased. The best place to
measure a clock frequency is using the CLKOUT pin (if available). Do not measure the
oscillator frequency by attaching an oscilloscope probe to the XTAL pins, as the
capacitance of the oscilloscope probe can affect the oscillator frequency.

Supply voltage range

Most LPC microcontrollers operate over a wide operating voltage range. A typical voltage
range is 1.8 V to 3.6 V. However, when using the USB peripheral, the supply voltage
range should be maintained between 3.0 V and 3.6 V for proper USB functionality.
Operating outside this supply voltage range will cause unreliable USB operation.

3. PCB layout

3.1

3.2
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General considerations

It is important that the USB_DP and USB_DM signal traces maintain parallelism on the
PCB. Trace lengths for the signals should be matched as closely as possible.

Reducing the number of right-angle corners and the number of vias for the USB signals
traces will minimize signal reflections and impedance changes.

Impedance

Although it is recommended to implement 45 Q signal traces, for full-speed USB, it is not
critical for obtaining good results. Keep your signal traces as short as possible for good
performance.
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[11 USB 2.0 Specification: http://www.usb.org/developers/docs/

[2] Intel High Speed USB Platform Design Guidelines:
http://www.usb.org/developers/docs/
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5. Legal information

5.1 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences
of use of such information.

5.2 Disclaimers

Limited warranty and liability — Information in this document is believed to
be accurate and reliable. However, NXP Semiconductors does not give any
representations or warranties, expressed or implied, as to the accuracy or
completeness of such information and shall have no liability for the
consequences of use of such information. NXP Semiconductors takes no
responsibility for the content in this document if provided by an information
source outside of NXP Semiconductors.

In no event shall NXP Semiconductors be liable for any indirect, incidental,
punitive, special or consequential damages (including - without limitation -
lost profits, lost savings, business interruption, costs related to the removal
or replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, NXP Semiconductors’ aggregate and cumulative liability
towards customer for the products described herein shall be limited in
accordance with the Terms and conditions of commercial sale of NXP
Semiconductors.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in life support, life-critical or
safety-critical systems or equipment, nor in applications where failure or
malfunction of an NXP Semiconductors product can reasonably be expected
to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors and its suppliers accept no liability for
inclusion and/or use of NXP Semiconductors products in such equipment or
applications and therefore such inclusion and/or use is at the customer’s
own risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using NXP Semiconductors products, and NXP
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Semiconductors accepts no liability for any assistance with applications or
customer product design. It is customer’s sole responsibility to determine
whether the NXP Semiconductors product is suitable and fit for the
customer’s applications and products planned, as well as for the planned
application and use of customer’s third party customer(s). Customers should
provide appropriate design and operating safeguards to minimize the risks
associated with their applications and products.

NXP Semiconductors does not accept any liability related to any default,
damage, costs or problem which is based on any weakness or default in the
customer’s applications or products, or the application or use by customer’s
third party customer(s). Customer is responsible for doing all necessary
testing for the customer’s applications and products using NXP
Semiconductors products in order to avoid a default of the applications and
the products or of the application or use by customer’s third party
customer(s). NXP does not accept any liability in this respect.

Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.

Evaluation products — This product is provided on an “as is” and “with all
faults” basis for evaluation purposes only. NXP Semiconductors, its affiliates
and their suppliers expressly disclaim all warranties, whether express,
implied or statutory, including but not limited to the implied warranties of non-
infringement, merchantability and fitness for a particular purpose. The entire
risk as to the quality, or arising out of the use or performance, of this product
remains with customer.

In no event shall NXP Semiconductors, its affiliates or their suppliers be
liable to customer for any special, indirect, consequential, punitive or
incidental damages (including without limitation damages for loss of
business, business interruption, loss of use, loss of data or information, and
the like) arising out the use of or inability to use the product, whether or not
based on tort (including negligence), strict liability, breach of contract, breach
of warranty or any other theory, even if advised of the possibility of such
damages.

Notwithstanding any damages that customer might incur for any reason
whatsoever (including without limitation, all damages referenced above and
all direct or general damages), the entire liability of NXP Semiconductors, its
affiliates and their suppliers and customer’s exclusive remedy for all of the
foregoing shall be limited to actual damages incurred by customer based on
reasonable reliance up to the greater of the amount actually paid by
customer for the product or five dollars (US$5.00). The foregoing limitations,
exclusions and disclaimers shall apply to the maximum extent permitted by
applicable law, even if any remedy fails of its essential purpose.

5.3 Trademarks

Notice: All referenced brands, product names, service names and
trademarks are property of their respective owners.
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