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High-speed USB PCB Layout Recommendations

Introduction

High-speed USB operates at 480 Mbps with 400-mV signal-
ing. For backwards compatibility, devices that are high-speed
capable must also be able to communicate with existing full-
speed USB products at 12 Mbps with 3.3V signaling. High-
speed USB hubs are also required to talk to low-speed prod-
ucts at 1.5 Mbps. Designing printed circuit boards (PCBs) that
meet these requirements can be challenging.

High-speed USB is defined in the Universal Serial Bus Spec-
ification Revision 2.0, located at http://www.usb.org. The or-
ganization that oversees the specification is the USB Imple-
menters Forum. The USB-IF requires that all devices receive
testing to show compliance to the specification and to ensure
interoperability with other devices. Cypress recommends that
designers pre-test their products for USB compliance before
attending a USB Compliance Workshop.

This application note details guidelines for designing 4-layer,
controlled-impedance, High-speed USB printed circuit
boards to comply with the USB specification. This note is ap-
plicable to all Cypress High-speed USB solutions. Some Cy-
press High-speed USB chips have separate application notes
that address chip-specific PCB design guidelines.

High-speed USB PCBs are typically 4-layer boards, though
6-layer boards may be helpful if the physical size is extremely
tight and extra space is required for routing. The principles for
both types of boards are the same. Cypress does not recom-
mend using a 2-layer board for High-speed USB PCB design.

PCB design influences USB signal quality test results more
than any other factor. This application note address five key
areas of High-speed USB PCB design and layout:

» Controlled Differential Impedance
USB Signals

» Power and Ground

Crystal or Oscillator
Troubleshooting

Controlled Differential Impedance

Controlled differential impedance of the D+ and D- traces is
important in High-speed USB PCB design. The impedance of
the D+ and D- traces affect signal eye pattern, end-of-packet
(EOP) width, jitter, and crossover voltage measurements. Itis
important to understand the underlying theory of differential
impedance in order to achieve a 90Q2 + 10% impedance.

Theory

Microstrips are the copper traces on the outer layers of a
PCB. A microstrip has an impedance, Z, that is determined
by its width (W), height (T), distance to the nearest copper
plane (H), and the relative permittivity (g,) of the material
(commonly FR-4) between the microstrip and the nearest
plane.
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When two microstrips run parallel to each other cross-cou-
pling occurs. The space between the microstrips (S) as relat-
ed to their height above a plane (H) affects the amount of
cross-coupling that occurs. The amount of cross-coupling in-
creases as the space between the microstrips is reduced. As
cross-coupling increases the microstrips’ impedances de-
crease. Differential impedance, Z;, is measured by measur-
ing the impedance of both microstrips and summing them.
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Figure 1. Microstrip Model of Differential Impedance

Figure 1 shows a cross-sectional representation of a PCB
showing (from top to bottom) the differential traces, the sub-
strate, and the GND plane. Figure 2 provides the formulas
necessary for estimating differential impedance using a 2D
parallel microstrip model. Table 1 provides the definition of
the variables. These formulas are valid for 0.1 <W/H <2.0
and 0.2<S/H < 3.0 . Commercial utilities can obtain more
accurate results using empirical or 3D modeling algorithms.
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Figure 2. Differential Impedance Formula

Table 1. Definition of Differential Impedance Variables

Variable Description
2 it Differential impedance of two parallel micro-
strips over a plane

Zy Impedance of one microstrip over a plane
w Width of the traces

H Distance from the GND plane to the traces
T Trace thickness (1/2 oz copper = 0.65 mils )
S Space between differential traces (air gap)

& Relative permittivity of substrate (FR-4 =4.5)
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High-speed USB PCB Layout Recommendations

Typical 62-mil, 4-layer PCB Example

The recommended stackup for a standard 62-mil (1.6-mm)
thick PCB is shown in Figure 3. When this stackup is used
with two parallel traces each with a width, W, of 16 mils and
a spacing, S, of 7 mils the calculated differential impedance,
Zdiff’ is 87Q.

With the same stackup it is possible to achieve a 90Q + 10%
differential impedance on D+ and D- using other combina-
tions of variables.
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Figure 3. Typical Stackup for a 62-mil, 4-layer PCB

Recommendations

Use the following recommendations to achieve the proper dif-
ferential impedance:

1. Consult with the PCB manufacturer to obtain the neces-
sary design parameters and stackup to obtain a 90Q + 10%
differential impedance on D+ and D-.

2. Set the correct trace widths and trace spacing for the D+
and D- traces in the layout tool.

3. Draw the proper stackup on the PCB Fabrication Drawing
and require the PCB manufacturer to follow the drawing.
See Figure 3.

4. Annotate the PCB Fabrication Drawing to indicate which
trace widths are differential impedance. Also indicate what
impedance and tolerance is required.

5. Request differential impedance test results from the PCB
manufacturer.

USB Signals

There are five USB signals: VBUS, D+, D—, GND, and
SHIELD. Their functions are shown in Table 2.

Table 2. USB Signals

Signal Description

VBUS Device power, +5V, 500 mA (max)

D+ and D— | Data signals, mostly differential

GND Ground return for VBUS

SHIELD Cable shielding and receptacle housing

D+ and D-

Properly routing D+ and D- leads to high-quality signal eye
pattern, EOP width, jitter, crossover voltage, and receiver
sensitivity test results. The following recommendations im-
prove signal quality:

1. Place the Cypress High-speed USB chip on the signal lay-
er adjacent to the GND plane.

2. Route D+ and D- on the signal layer adjacent to the GND
plane.

3. Route D+ and D- before other signals.

4. Keep the GND plane solid under D+ and D-. Splitting the
GND plane underneath these signals introduces imped-
ance mismatch and increases electrical emissions.

5. Avoid routing D+ and D- through vias; vias introduce im-
pedance mismatch. Where vias are necessary (e.g., using
mini-B connector) keep them small (25-mil pad, 10-mil
hole) and keep the D+ and D- traces on the same layers.

6. Keep the length of D+ and D— less than 3 inches (75 mm).
A 1-inch length (25-30 mm) or less is preferred.

7. Match the lengths of D+ and D- to be within 50 mils
(1.25 mm) of each other to avoid skewing the signals and
affecting the crossover voltage.

8. Keep the D+ and D-trace spacing, S, constant along their
route. Varying trace separation creates impedance mis-
match.

9. Keep a 250-mil (6.5-mm) distance between D+ and D—and
other non-static traces wherever possible.

10.Use two 45° bends or round corners instead of 90° bends.

11.Keep five trace widths minimum between D+ and D— and
adjacent copper pour. Copper pour when placed too close
to these signals affects their impedance.

12.1f the Cypress High-speed USB chip requires series termi-
nation and pull-up resistors on D+ and D- place their pads
on the traces. Avoid stubs. Locate these resistors as close
as possible to the chip. See Figure 5 for reference.

13.Avoid common-mode chokes on D+ and D— unless re-
quired to reduce EMI. Common mode chokes typically pro-
vide little benefit for high-speed signals and can adversely
affect full-speed signal waveforms.

VBUS, GND, and SHIELD

These recommendations for the VBUS, GND, and SHIELD
signals improve inrush current measurements and reduce
susceptibility to EMI, RFI, and ESD.

1. Route VBUS on the signal layer adjacent to the V¢ plane.
This prevents it from interfering with the D+ and D-signals.

2. Filter VBUS to make it less susceptible to ESD events. This
is especially important if the Cypress High-speed USB chip
uses VBUS to determine whether it is connected or dis-
connected from the bus. A simple RC filter works well. See
Figure 4 for details. The filter should be placed closer to
the USB connector than the USB chip.

3. Use 10 YF or less of capacitance on VBUS to prevent vio-
lating the USB inrush current requirements.

4. Connect the SHIELD connection to GND through a resis-
tor. This helps isolate it and reduces EMI and RFIl emis-
sions. Keep this resistor close to the USB connector. Some
experimentation may be necessary to obtain the correct
value.

5. Provide a plane for the USB shield on the signal layer ad-
jacent to the V¢ plane that is no larger than the USB
header.
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Figure 4. Schematic Showing the VBUS Filter, USB
SHIELD-to-GND Resistor, and Decoupling Capacitor

USB Peninsula

If the location of a USB connector is near the edge of the PCB,
consider placing it on a ‘USB Peninsula’ as described below.
EMI and RFI are decreased by reducing noise on the V¢ and
GND planes, as they are partially isolated from the rest of the
board.

1. Make a cut in the V¢ and GND planes around the USB
connector leaving a 200-mil (5-mm) opening for D+ and
D- to preserve their differential impedance.

2. Use a 0.1-yF capacitor to decouple the V¢ and GND
planes on the USB peninsula.

3. Place the SHIELD-to-GND resistor on the peninsula. If
necessary, a second set of pads that connects SHIELD to
the GND plane off the peninsula is useful.
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Figure 5.1SD-300A1 Layout Showing D+/D-Traces, Series
Termination Resistors, USB Peninsula, and Crystal

4. Place a common-mode choke (if used, though not recom-
mended) at the opening for D+ and D-.

Power and Ground

It is important to provide adequate power and ground for
High-speed USB designs. The proper design is as important
as layout technique.

Vcc and GND Planes

Ve and GND planes are required for High-speed USB PCB
design. They reduce jitter on USB signals and help minimize
susceptibility to EMI and RFI.

1. Use dedicated planes for V¢ and GND.

2. Use cutouts on the V¢ plane if more than one voltage is
required on the board (e.g., 2.5V, 3.3V, 5.0V).

3. Do not split the GND plane. Do not cut it except as de-
scribed in ‘USB Peninsula.’ This reduces electrical noise
and decreases jitter on the USB signals.

Power Traces

For situations where it is not necessary to dedicate a split
plane to a voltage level (e.g., 5V or 12V), but the voltage is
required on the board, route a trace instead. The following
guidelines are recommended for power traces:

1. Keep the power traces away from high-speed data lines
and active components.

2. Keep trace widths at least 40 mils to reduce inductance.
3. Keep power traces short. Keep routing minimal.

4. Use larger vias (at least 30-mil pad, 15-mil hole) on power
traces.

5. Provide adequate capacitance (see below).
6. Use a chip filter if necessary to reduce noise.

Voltage Regulation

The following guidelines are recommended for voltage regu-
lators to reduce electrical emissions and prevent regulation
problems during USB suspend.

1. Select voltage regulators whose quiescent current is ap-
propriate for the board’s minimum current during USB sus-
pend.

2. Select voltage regulators whose minimum load current is
less than the board’s load current during USB suspend. If
the current draw on the regulator is less than the regula-
tor’'s minimum load current then the output voltage may
change.

3. Place voltage regulator(s) so they straddle split V¢
planes; this reduces emissions.

Decoupling and Bulk Capacitance

1. Provide 0.1-yF ceramic capacitors to decouple device
power input pins. Place one cap per pin. Keep the distance
from the pad to the power input pin less than 2.0 mm where
possible.

2. Place bulk capacitors near the power input and output
headers and the voltage regulator(s).

3. Provide 10—-20 uF capacitance for the Cypress High-speed
USB chip. Ceramic or tantalum capacitors are recom-
mended. Electrolytic capacitors are not suitable for bulk
capacitance.
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4. Filter power inputs and outputs near the power headers to
reduce electrical noise.

5. Follow chip-specific guidelines to properly isolate AV
from Ve and AGND from GND.

6. Follow chip-specific guidelines to provide enough bulk and
decoupling capacitance for AV . Use ceramic or tantalum
capacitors. Electrolytic capacitors are not suitable for bulk
capacitance.

Crystal or Oscillator

A crystal or oscillator provides the reference clock for the

Cypress High-speed USB chip. It is important to provide a

clean signal to the USB chip and to not interfere with other

high-speed signals, like D+ and D-.

1. Use a crystal or oscillator whose accuracy is 100 ppm or
less.

2. Use a crystal whose first harmonic is either 24 or 30 MHz
(depending on the Cypress High-speed USB chip). This
requires less crystal start-up circuitry and is less error
prone.

3. Place the crystal or oscillator near the clock input and out-
put pins of the Cypress High-speed USB chip.

Table 3. Troubleshooting High-speed USB PCBs

4. Keep the traces from the crystal or oscillator to the USB
chip short.

5. Keep the crystal or oscillator traces away from D+ and D-.

6. Use ceramic capacitors that match the load capacitance
of the crystal.

Troubleshooting

The USB electrical compliance tests often show mistakes in
PCB layouts. The type of failure can point to the cause.
Table 3 shows some common problems and their possible
causes for boards that fail high-speed or full-speed signal in-
tegrity or high-speed receiver sensitivity tests.

Conclusion

With the transition from 12 Mbps to 480 Mbps, printed circuit
boards must be designed to meet USB electrical require-
ments. This is best achieved by using controlled impedance
PCBs, properly laying out D+ and D—, and adequately decou-
pling the V¢ and GND planes to keep them electrically quiet.

Cypress Semiconductor provides a variety of High-speed
USB development and reference design kits. These are help-
ful to see design examples and contain chip-specific design
guidelines.

Common Problem

Possible Causes

The high-speed or full-speed signal integrity tests show exces-
sive jitter.

There is an impedance mismatch on D+ and D-.

A noisy trace is located too close to D+ and D—.

A common-mode choke is interfering.

An active component (e.g., voltage regulator, SRAM, etc.) is not
properly decoupled.

AV and AGND are not properly isolated or may not have
enough bulk capacitance with a low ESR.

The EOP is not detected or out of spec during high-speed or
full-speed signal integrity testing.

A common-mode choke is interfering with the EOP.

The crossover voltage is out of the specified range.

The trace lengths of D+ and D— are not matched.

There is an impedance mismatch on D+ and D-.

The voltage level at the beginning of the high-speed chirp is too
high when coming out of suspend.

The voltage regulator is unable to maintain 3.3V at 100 pA.

Receiver sensitivity is below the acceptable limit.

There is a split in the GND plane underneath D+ and D-.

A common-mode choke is interfering.

AV and AGND are not properly isolated or may not have
enough bulk capacitance with a low ESR.

Inrush current is above the acceptable limit.

Reduce bulk capacitance on VBUS. If designing a bus-powered
solution employ a soft-start circuit so all of the capacitance isn’t
filled at once.

All product or company names mentioned in this document may be the trademarks of their respective holders.
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