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Gigabit Ethernet Design Guide
INTRODUCTION

This application note is intended to assist customers in designing a PCB using Microchip’s family of 10/100/1000 Mbps 
Ethernet devices. This document provides recommendations regarding PCB layout, a critical component in maintaining 
signal integrity and reducing EMI issues. The following topics are covered:

• General PCB Layout Guidelines on page 1

• USB Layout Guidelines on page 5

• Ethernet Layout Guidelines on page 5

• EMI Considerations on page 8

• ESD Considerations on page 9

• Troubleshooting Common Layout Issues on page 10

GENERAL PCB LAYOUT GUIDELINES

Power Supply Consideration

• Ensure adequate power supply ratings. Verify that all power supplies and voltage regulators can supply the 
amount of current required.

• Power supply output ripple should be limited to less than 50 mV (less than 10mV for the best performance).

• Noise levels on all power and ground planes should be limited to less than 50mV.

• Ferrite beads should be rated for 4-6 times the amount of current they are expected to supply. Any derating over 
temperature should also be accounted for.

Device Decoupling

• Every high-speed semiconductor device on the PCB assembly requires decoupling capacitors. One decoupling 
capacitor for every power pin is necessary.

• The decoupling capacitor value is application dependent. Typical decoupling capacitor values may range from 
0.001uF to 0.1uF.

• The total decoupling capacitance should be greater than the load capacitance presented to the digital output buf-
fers to prevent noise from being introduced into the supply.

• Typically, Class II dielectric capacitors are chosen for decoupling purposes. The first choice would be an X7R 
dielectric ceramic capacitor for it's excellent stability and good package size versus capacitance characteristics. 
The designer's second choice may be the X5R dielectric for its excellent stability. However, the X5R may be some-
what limiting in the package size versus capacitance characteristics. Low inductance is of the utmost importance 
when considering decoupling capacitor characteristics.

• Each decoupling capacitor should be located as close as possible to the power pin that it is decoupling.

• All decoupling capacitor leads should be as short as possible. The best practice is directly connecting the capaci-
tors to the ground and power pin on top layer. If using vias becomes inevitable, pad-to-via connections should be 
less than 10 mils in length. Trace connections should be as wide as possible to lower inductance.

• Strongly consider connecting the ground of all bypass capacitors with two vias to greatly reduce the inductance of 
that connection.
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PCB Bypassing

• Bypass capacitors should be placed near all power entry points on the PCB. These capacitors absorb the high fre-
quency currents from the high-speed digital load.

• Bypass capacitors should be utilized on all power supply connections and all voltage regulators in the design.

• Bypass capacitor values are application dependent and will be dictated by the frequencies present in the power 
supplies and the load transient amplitude and frequency.

• All bypass capacitor leads should be as short as possible. The best practice is directly connecting the capacitors 
to the ground and power pin on top layer. If using vias become inevitable, the via outside the surface mount pad, 
pad-to-via connections should be less than 10 mils in length. Trace connections should be as wide as possible to 
lower inductance.

• Strongly consider connecting the ground of all bypass capacitors with two vias to greatly reduce the inductance of 
that connection.

PCB Bulk Capacitors

• Bulk capacitors must be properly utilized in order to minimize switching noise. Bulk capacitance helps maintain 
constant DC voltage and current levels.

• Bulk capacitors should be utilized on all power planes and all voltage regulators in the design.

• All bulk capacitor leads should be as short as possible. The best solution is plane connection vias inside the sur-
face mount pads. When using vias outside the surface mount pads, pad-to-via connections should be less than 10 
mils in length. Trace connections should be as wide as possible to lower inductance.

• Good design practices dictate that whenever a ferrite bead is used in the circuit, bulk capacitance should be 
placed on each side of the ferrite bead.

• In the case where a ferrite bead is used on the USB connector to filter the VCC, the use of bulk capacitance on the 
USB connector side is not recommended. This is an attempt to limit the in-rush current of the USB circuitry. Micro-
chip does recommend the use of a 4.7uF bulk capacitor on the inboard side of the ferrite bead.

FIGURE 1: EXAMPLE PCB BYPASSING TECHNIQUE
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PCB Layer Strategy

• Use at least a 4-layer PCB for all Ethernet LAN designs.

• The typical PCB stack-up uses a signal layer on the top (component side) layer, a solid, contiguous ground plane 
layer on Layer 2, a solid power plane layer on Layer 3 and another signal layer on Layer 4. Layer 1 is considered 
the prime layer for critical routes and components because of the solid digital ground plane directly beneath it and 
Layer 1 also requires no vias to connect components located on Layer 1.

• All PCB traces (especially high-speed and critical signal traces) should be routed on Layer 1 next to the solid, con-
tiguous ground plane layer. These traces must have a continuous reference plane for their entire length of travel. 
Avoid signal traces crossing a plane split (Figure 2) as this can cause unpredictable return path currents, and this 
would likely result in signal integrity issues as well as creating EMI problems. If crossing splits in the reference 
plane are unavoidable, consider adding stitching capacitors.

• The implementation of an Ethernet chassis ground plane separate from the digital ground plane is required.

• Avoid creating ground loops in the PCB design and the system design.

• In order to facilitate routing and minimize signal cross talk issues, adjacent layers in a multi-layer design should be 
routed orthogonal.

RECOMMENDED LAYER STACKS LAYOUT

• Four-Layer Board

- Signal 1 (top layer)

- GND

- Power plane/GND

- Signal 2

• Six-Layer Board

- Signal 1 (top layer)

- Power plane/GND

- Signal 2 (best for clock and high speed signals)

- Signal 3 (best for clock and high speed signals)

- GND

- Signal 4

FIGURE 2: EXAMPLE SIGNAL CROSSING PLANE SPLIT
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Signal Integrity Concerns

• Provide AC terminations for all high-speed switching signals and clock lines when required. Locate these termina-
tions at the load end of the trace. This design issue becomes more critical with longer length traces on the PCB.

• Provide impedance matching series terminations to minimize the ringing, overshoot and undershoot on critical sig-
nals (address, data & control lines). These series terminations should be located at the driver end of the trace as 
opposed to the load end of the trace. This design issue becomes more critical with longer length traces on the 
PCB.

• Minimize the use of vias throughout the design. Vias add inductance to signal traces.

• Be certain to review the entire PCB design for any traces crossing over any reference plane cuts. This will more 
than likely create an EMC occurrence.

• In general, review all signal cross talk design rules to avoid cross talk problems. Ensure there is enough trace sep-
aration to avoid cross talk problems.

• Guard traces may also be utilized to minimize cross talk problems.

PCB Trace Considerations

• Avoid using 90 degree angles in the high speed data traces. These angles can impact the trace width and imped-
ance control with fast signals.

• PCB traces should be designed with the proper width for the amount of current they are expected to supply. The 
use of mini-planes in a local area on either the top or bottom layers will ensure proper current supply.

• All component leads to any power plane or ground plane should be as short as possible. The best solution is 
plane connection vias inside the surface mount pads. When using vias outside the surface mount pads, pad-to-via 
connections should be less than 10 mils in length. Trace connections should be as wide as possible to lower 
inductance. This will include any power ferrite beads feeding power planes, fuses feeding power planes, etc.

Crystal Circuitry

• Locate all crystal circuit components on the top layer. This will reference all these components and their traces to 
the same digital ground plane.

• As best as possible, isolate all the crystal components and traces from other signals. The crystal oscillator is sen-
sitive to stray capacitances and noise from other signals. The crystal oscillator may also disturb other signals and 
cause EMI noise.

• The load capacitors, crystal and parallel resistors should be placed close to each other. The ground connection for 
the load capacitors should be short and out of the way from return currents from USB and VBUS power lines. The 
load capacitors return path should be to the digital logic power supply ground plane.

• PCB traces from the Ethernet device to the crystal, resistors and capacitors should be matched in length, as close 
as possible, while maintaining the shortest possible path. Length matching should take a higher priority over mini-
mization of the path length.

• Verify that the crystal circuit operates within specification (+/-50 PPM) over the entire operating range of the appli-
cation. This includes temperature, time and application tolerance.
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Vias in Ground Flag (Exposed Pad)

• Fill the GND flag with a pattern of vias to ensure good thermal and electrical connections to the GND plane. The 
GND plane should be 1oz or higher to ensure a solid GND reference for the part. This will help reduce GND noise 
and provide a good heat sink for the part. An example ground via field in a flag pad can be seen in Figure 3.

USB LAYOUT GUIDELINES

For those Microchip Ethernet devices that include USB interfaces, the following applies:

• The USB lines are constrained by the USB 2.0 and USB 3.0 specifications.

• All other layout application notes are also detailed in the AN26.2 at:
http://ww1.microchip.com/downloads/en/AppNotes/an262.pdf

ETHERNET LAYOUT GUIDELINES

Ethernet Differential Pairs

• Each TRxP/TRxN signal group should be routed as differential pairs. This includes the entire length of travel of the 
traces from the RJ45 connector to the LAN device.

• A single differential pair should be routed as close together as possible. Typically, when beginning the impedance 
calculation, the smallest trace space (4 - 5 mils) is selected. The trace width is then adjusted to achieve the neces-
sary impedance.

• Differential pairs should be constructed as 100 ohm, controlled impedance pairs.

• Differential pairs should be routed away from all other traces. Try to keep all other high-speed traces at least 
0.300" away from the Ethernet front end.

• Keep the intra-pair and inter-pair skew between the device and RJ45 to less than 50 and 600 mils, respectively.

• The differential pairs should be as short in length as possible.

• The use of vias is to be minimized. If vias are used, keep them to a minimum and always match vias so the differ-
ential pairs are balanced.

FIGURE 3: EXAMPLE GROUND VIA FIELD IN A FLAG PAD
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• Layer changes are to be minimized. Keep the differential pairs referenced to the same power/ground plane when-
ever possible.

• In general, when routing Gigabit Ethernet's four differential pairs into an RJ45 connector, at least one pair will need 
a via to the opposite external layer. In this case, it must be assured that the routing on the other side of the board 
(usually layer 4) passes over a contiguous reference plane that has low impedance to ground. Never route over a 
plane boundary.

• For optimum immunity, route each pair as far away from each other as possible.

• Always reference any terminations to the same reference plane as the differential routes.

• Precedence should be given to differential pair routing. Terminations should be added after the routing is deter-
mined. The terminations should simply be “dropped” onto the differential routing.

• All resistive terminations in the Ethernet front end should have values with 1.0% tolerances.

• All capacitive terminations in the Ethernet front end should have tight tolerances and high quality dielectrics.

• For optimum separation, experimentation with inserting a ground plane island between the differential pairs may 
be performed. A separation of 3-5 times the dielectric distance (separation of copper layers within the PCB) should 
be maintained from this ground plane to any of the traces.

• This same separation technique described above can be used to separate different Ethernet ports if port cross talk 
is an issue. A ground plane can be inserted between Ethernet channels. A separation of 3-5 times the dielectric 
distance should be maintained from this ground plane to any of the traces.

FIGURE 4: EXAMPLE CHIP-TO-MAGNETICS DIFFERENTIAL PAIR ROUTING
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RJ45 Connector

The magnetics isolate local circuitry from other equipment that the Ethernet signals connect to. The IEEE isolation test 
places stress on the isolated side to test the dielectric strength of the isolation. The center tap of the isolated winding 
has a “Bob Smith” termination through a 75 Ohm resistor and 1000 pF capacitor to chassis ground. The termination 
capacitor should have voltage tolerance of 3 kV.

To pass EMI compliance tests, there are a few helpful recommendations to follow:

• The RJ45 connector is recommended to have metal shielding that connects to chassis ground to reduce EMI 
emission.

• In order to further reduce EMI issues, micro-stripline from the external layer can be replaced with stripline between 
proper planes. Note that placing stripline directly on top of each other may cause capacitive coupling between 
channels. However, for differential pair, this coupling may be beneficial. 

• It is good practice not to overlap the circuit ground plane with the chassis ground that creates coupling. Instead, 
make chassis ground an isolated island and make a void between the chassis and circuit ground. Place two or 
three 1206 pads across the chassis and circuit ground void. This would allow experimentally choosing the appro-
priate inductive, capacitive, or resistive components to pass EMI emission test. The 1206 pad should be located 
as close as practical to the power entry on the board, allowing current between the two grounds to be routed away 
from any sensitive circuits.

• To maximize ESD performance, the designer should consider selecting an RJ45 module without LEDs. This will 
simplify routing and allow greater separation in the Ethernet front end to enhance ESD/susceptibility performance.

• ESD performance can also be enhanced by using a surface mount contact RJ45 connector. This may simplify 
routing and allow greater separation in the Ethernet front end to enhance ESD susceptibility performance.

• Placement of components for discrete and embedded RJ45 and Magnetic module:

- Distance between Ethernet device and Magnetics should be less than 1 inch of separation. If not achievable,  
the maximum should not be more than 3 inches.

- Distance between Magnetics and RJ45 should be less than 1 inch of separation.

- The overall length of differential pairs should be less than four inches measured from the Ethernet device to 
RJ-45 connector.

FIGURE 5: EXAMPLE MAGNETICS-TO-RJ45 DIFFERENTIAL PAIR ROUTING
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Magnetics

• Magnetics for Ethernet can be either integrated or discrete. Discrete modules are recommended for better EMI 
control.

• The magnetics module has a critical effect on overall IEEE and emission conformity. Occasionally, components 
that meet the basic specifications may cause the system to fail IEEE testing of interactions with other components. 
New magnetic modules should be carefully qualified to prevent this problem.

- Magnetics modules for 1000BASE-T Ethernet are similar to those designed for 10/100 Mbps, except that 
there are four differential signal pairs instead of two. Use the following guideline to verify specific electrical 
specification:

- Verify rated return loss is 19 dB or greater from 2 MHz through 40 MHz for 100/1000BASE-TX.

- Verify rated return loss is 12 dB or greater at 80 MHz for 100BASE-TX (the specification requires greater 
than or equal to 10 dB).

- Verify rated return loss is 10 dB or greater at 100 MHz for 1000BASE-TX (the specification requires 
greater than or equal to 8 dB).

- Verify insertion loss is less than 1.0 dB at 100 kHz through 80 MHz for 100BASE-TX.

- Verify insertion loss is less than 1.4 dB at 100 kHz through 100 MHz for 1000BASE-T.

- Verify at least 30 dB of crosstalk isolation between adjacent channels (through 150 MHz).

- Verify high voltage isolation to 15000 Vrms. (Does not apply to discrete magnetics).

- Transmitter OCL should be greater than or equal to 350 uH with 8 mA DC bias.

• To maximize ESD performance, the designer should consider selecting a discrete transformer as opposed to an 
integrated magnetic/RJ45 module. This may simplify routing and allow greater separation in the Ethernet front end 
to enhance ESD/susceptibility performance.

• When using discrete magnetics, it is critical to use termination: four 75 Ohm for cable-side center taps and unused 
pins to EFT (Electrical Fast Transient) capacitors.

• Use an EFT capacitor connected to the ground plane and 75 Ohm terminations. Suggested values are 1500 pF/
2KV or 1000 pF/3KV. 
A minimum of 50-mil spacing from capacitor to traces and components should be maintained.

• Implement a ground cut for high voltage installation (is not required for integrated magnetics). Typically, all planes 
are cleared out on the PCB in the area located halfway through the magnetics to the RJ45 connector. The TRxP/
TRxN pairs should be the only traces in this cleared out region of the PCB, creating one part of the high voltage 
barrier required for LAN applications. 

• Impedance discontinuities cause unwanted signal reflections. Minimize the number of vias (signal through hole) 
and other transmission line irregularities. If vias must be used, a reasonable budget is two per differential trace.

ETHRBIAS/ISET

The ETHRBIAS/ISET resistor sets an internal current source reference. Thus, the ETHRBIAS/ISET pin is a high imped-
ance node and any noise induced on the ETHRBIAS/ISET traces will directly impact internal current references, nega-
tively degrading the eye-diagram quality. The ETHRBIAS/ISET resistor should be placed close to the ETHRBIAS/ISET 
pin and the ground return should be short and direct to the ground plane. Resistor traces should be very short and iso-
lated from nearby traces.

EMI CONSIDERATIONS

PCB EMI Design Guidelines

• EMC design success must be considered during both schematic and PCB design cycles.

• EMC issues are best corrected at the source “EMC generator”.

Identify Critical Circuits

• Emissions - clocks, buses and other repetitive circuits.

- Keep the hot leads short and matched if a crystal is used.

- Add small damping resistors or ferrites to the clock oscillator.

- Control clock routing.
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- Watch out for noisy oscillator modules.

- Whenever possible, oscillators should be avoided. Oscillators increase EMI, power consumption, and jitter.

- Use a crystal if possible.

• Immunity - resets, interrupts and critic controls lines.

- Add high-frequency filters at circuit inputs.

- Control trace routing.

- Do not cross any plane splits with high-speed signal traces.

Carefully Choose Devices with EMI in Consideration

• Slower is better - rise times and clocks.

• Be careful with high-speed CMOS - for both signal and power.

Board Design

• Multilayer boards are much better for both emissions and immunity.

• Do not embed traces in power and ground planes.

Pay Close Attention to Power Decoupling

• Decouple every device with a high-frequency capacitor.

• Bypass every power input to the board with a high-frequency capacitor.

• Keep capacitor leads short.

• To improve noise and EMI in very high-speed designs, a mix of 0.1uF, 0.01uF and lower value capacitors may be 
used.

Concerns for I/O Circuits

• Signal, power and ground are three EMI paths through I/O.

• Add high-frequency filters to all I/O lines, even the slow ones.

• Correctly implement isolation of I/O planes.

ESD CONSIDERATIONS

• The RJ45 connector must have a metal shield to ensure the highest ESD performance.

• The metal shield of the RJ45 connector must be connected directly into the system's chassis ground plane at two 
points.

• All power planes and non-Ethernet traces must be cleared out from halfway under the magnetics to the RJ45 con-
nector. Separation should be maintained for at least 0.250".

• N/S and E/W magnetic are pinned differently; therefore, selection and placement location of the magnetics is very 
critical for ESD performance.

• Proper layout of high-voltage barrier.

• Selection and placement of the specific RJ45 connector with the chassis ground tabs as far away from the 8-pin 
connections may prove to be the best configuration for ESD. 

• Placement of the RJ45 connector with respect to other connectors and the overall PCB location can be very 
important in overall ESD performance.

• Ensure that all circuitry related to and residing in the high-voltage barrier region is referenced to chassis ground 
only. LEDs, capacitors and anti-parallel diodes referenced to digital ground in the high-voltage barrier area will 
compromise the high-voltage barrier (see Figure 6).
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• Power supply voltage wires should be twisted tightly together with their return wires.

• All power entries to the PCB must be bypassed properly as close as possible to the power connector on the PCB.

• Locate the Earth ground connection(s) away from sensitive circuitry. This strategy will force the flow of an ESD 
occurrence away from the sensitive circuitry and direct it to Earth ground.

• All signal traces throughout the design should be kept to a minimum. Consider adding a digital ground “guard 
trace” to signal traces over 12" long.

• ESD occurrences can cause digital ground plane “ground bounce” if allowed to enter the digital ground plane. This 
can cause erratic system behavior and/or system failure. Every effort should be taken to make sure that any ESD 
source is not allowed to enter any digital ground or power plane on the PCB.

TROUBLESHOOTING COMMON LAYOUT ISSUES

• Lack of symmetry between the two traces within a differential pair. 
Asymmetry can create common-mode noise and distort the waveforms. For each component and/or via that one 
trace encounters, the other trace should encounter the same component or a via at the same distance from the 
Ethernet silicon.

• Unequal length of the two traces within a differential pair.
Inequalities create common-mode noise and will distort the transmitting or receiving waveforms.

• Excessive distance between the Ethernet silicon and the magnetics.
Long traces on FR4 fiberglass epoxy substrate will attenuate the analog signals. In addition, any impedance mis-
match in the traces will be aggravated if they are longer than the four-inch guideline.

• Routing any other trace parallel to and close to one of the differential traces.
Crosstalk onto the receive channel will cause degraded long cable BER (Bit Error Rate). Crosstalk onto the trans-
mit channel can cause excessive EMI emissions and can cause poor transmit BER on long cables. At a minimum, 
other signals should be kept 0.3 inches from the differential traces.

• Routing one pair of differential traces too close to another pair of differential traces. 
After exiting the Ethernet silicon, the trace pairs should be kept 0.3 inches or more away from the other trace pairs. 
The only possible exceptions are in the vicinities where the traces enter or exit the magnetics, the RJ-45 connec-
tor, and the Ethernet silicon.

• Use of a low-quality magnetics module.

• Incorrect differential trace impedances.
Short traces will have fewer problems if the differential impedance is slightly off target.

FIGURE 6: HIGH-VOLTAGE BARRIER - EXTENDS HALFWAY THROUGH THE MAGNETICS
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APPENDIX A: APPLICATION NOTE REVISION HISTORY

TABLE A-1: REVISION HISTORY 

Revision Level & Date Section/Figure/Entry Correction

DS00002054A (02-16-16) All Initial release
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