Desgn Techniquesfor EMC
Part 5— Printed Circuit Board (PCB) Design and L ayout

By Eur Ing Keith Armstrong C.Eng MIEE MIEEE, Cherry Clough Consultants

Thisisthefifth in aseriesof six articleson basic good-practice
electromagnetic compatibility (EMC) techniquesin electronic
design, to be published during 2006-7. It is intended for
designers of electronic modules, products and equipment, but
to avoid having to write modules/products/equipment
throughout — everything that is sold as the result of a design
process will be called a‘product’ here.

This seriesis an update of the seriesfirst published in the UK
EMC Journal in 1999 [1], and includes basic good EMC
practices relevant for electronic, printed-circuit-board (PCB)
and mechanical designersin all applications areas (household,
commercial, entertainment, industrial, medical and healthcare,
automotive, railway, marine, aerospace, military, etc.). Safety
risks caused by electromagnetic interference (EMI) are not
covered here; see [2] for more on this issue.

These articles deal with the practical issues of what EMC
techniques should generally be used and how they should
generally be applied. Why they are needed or why they work is
not covered (or, at least, not covered in any theoretical depth)
— but they are well understood academically and well proven
over decades of practice. A good understanding of the basics
of EMC isagreat benefit in helping to prevent under- or over-
engineering, but goes beyond the scope of these articles.

The techniques covered in these six articles will be:

1) Circuit design (digital, analogue, switch-mode,
communications), and choosing components

2) Cables and connectors

3) Filtering and suppressing transients

4) Shielding (screening)

5) PCB layout (including transmission lines)

6) ESD, surge, electromechanical devices, power factor
correction, voltage fluctuations, supply dips and dropouts

Many textbooks and articles have been written about all of the
above topics, so this magazine article format can do no more
than introduce the variousissues and point to the most important
of the basic good-practice EM C design techniques. References
are provided for further study and more in-depth EMC design
techniques.
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5. Part 5—Printed Circuit Boards (PCBS)

5.1 Introduction

5.1.1 Real financial benefits

As Part 0 of [3] made clear, the most cost-effective EMC
techniques are those applied early in the design process, at the
lowest level of assembly. Idedlly, this means in the design of
the integrated circuits (ICs) and other semiconductors — but
(with afew exceptions) the semiconductor industry that provides
standard parts ignores EMC completely and |leaves the
consequences of dealing with their design decisions to their
customers.

FPGA and ASIC manufacturers usually make arange of EMC
options available to their customers, and their use is
recommended — but not all EM C issues can be dealt with in the
semiconductors themselves. Techniques described in Part 1 of
[3] help with the choice of semiconductors and passive
components.

The PCB is the next lowest level of assembly, and has the
advantagethat any/all EM C issuescan be dealt withinitsdesign
and construction. After the EM C design of the electronic circuits
to be placed on the PCBs has been addressed (see Part 1 of



[3]), and the components chosen (or designed, in the case of
FPGAs and ASICs) the design and layout of the PCB is the
most cost-effective level to deal with EMC.

Unfortunately, as discussed in section 0.1 of [3], many project
managers seem to think that the PCB with the lowest hill of
materials cost (‘BOM cost’) will result in the most profitable
product, when a moment’s thought will show that this is not
necessarily the case. (In fact, there is ailmost never any direct
relationship between the BOM cost and the financial success
of aproduct.) For EMC, this misguided approach usually leads
to boards that have poor EMC performance, discovered latein
the project when the product fails EMC tests, and fixed in a
desperate hurry using very costly components and
manufacturing techniques whilst missing sales due to the
inevitable delay in market introduction.

The consequences of thisroutine are painfully engraved on the
minds of most electronic designers worldwide, and also show
up in the poorer financial performance of their employers. On
the other hand, EMC test laboratories enjoy having products
back for retesting time and time again — as the design teams
struggle to fix EMC problems, whilst their design freedom is
seriously restricted by the perceived urgency and the large sums
of money already spent on production tooling and software
development.

EMC experts the world over have for decades recommended
taking all necessary EMC precautionsin the design and layout
of the PCBs. Usually the extradesign timeisinsignificant, and
the extraunit manufacturing costsare negligible, certainly when
compared with the financial benefits of timely market
introduction and reduction in last-minute design changes.
Indeed, there are many anecdotes of products that were
redesigned for EMC with more sophisticated boards and a
higher BOM cost — but which nevertheless enjoyed a lower
overall cost-of-manufacture and much greater market success.

5.1.2 The scope of thisarticle

Earlier parts of this series have tended to require two, or even
three issues of The EMC Journal. Since | have recently
published a book on basic and advanced EMC techniques for
PCB designand layout [4], | could easily fill three or four issues
just copying the basic material from my book. This doesn’t
seem a very sensible thing to do, so instead this Part of this
series will be a text version of the PCB section of the EMC
course| teach at the University of Manchester (UK) to graduate
students on the Electronic Instrumentation Systems (EIS) MSc
Course (http://lwww.eee.manchester.ac.uk/research/groups/sisp/
postgraduate/taught/). These are basic EMC techniques only,
as discussed in 5.1.3.

5.1.3 Basic techniques are covered here

Thisarticlebriefly describesthe basic EM C techniquesfor PCB
design and layout that are now generally needed for al types
of PCB. As semiconductor technology continually advances,
PCB technology also has to advance, and so the basic EMC
techniquesfor PCBsare always advancing too. EM C techniques
that were only needed for ‘advanced’ boardsten years ago, are
now routinely needed for all boards (for cost-effective design,
seeb.1.1). Asaresult, there are significant differences between
this article and Part 5 of [1].
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Engineering isall about compromise. Thisseriescoversalarge
number of good EMC design techniques, but in real projects
some of them may beimpractical, or too costly, or inappropriate.
It is the engineering compromises necessary for real designs
that makes EMC design really interesting. So good EMC
practices should always be treated as recommendations— or as
lists of issuesto be considered. In general, where agood EMC
design technique described in this article is not used for
whatever reason —therisk of suffering EM C problemsincreases,
unless aternative (effective) methods have been used instead
(e.g. shielding and filtering the overall enclosure).

Because the material in this article covers basic PCB EMC
techniques, the general adviceisto only deviate from them for
good technical reasons. If they are not applied for financial
reasons (e.g. BOM cost), the financial argument will probably
be incorrect (see 5.1.1.).

More advanced PCB EM C design techniques may be required
for...

Reducing or eliminating the cost or weight of enclosure
shielding and/or filtering

Achieving good sensitivity and range for integrated
radiocommunications(e.g. GSM, 3G, DECT, |EEE 802.11x,
Wi-Fi, Bluetooth, ZigBee, etc.)

Achieving good sensitivity for GPS receivers with nearby
antennas

Very high-speed circuits (e.g. PC motherboards)

Usingthelatest silicon technologies (e.g. |Cs made on 90nm,
65nm, 45nm process lines)

Using chip-scale packaging (e.g. to make very small and/or
low-cost products)

Reducing time-to-market without increasing risks of non-
compliance

5.2 Segregation

The first and most cost-effective EMC technique (it is free, if
done early in a project) is segregation. Firstly identify all the
components and conductors (cables, connectors, PCB traces,
etc.) that lie in the ‘Inside World’ and ‘Outside World' EM
ZONes.

As Figure 5A shows, the Outside World is where the designer
has no control over some or all of the electromagnetic (EM)
disturbances that could occur. The Inside World is where the
designer has the ability to control all of the EM disturbances
(even if some of them are not actually controlled).
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The Inside World

— where you can control all of the EM disturbances

Figure 5A Segregating circuitsinto Inside and Outside
worlds

It is not always obvious what should be included in the Inside
World and what in the Outside World. EM disturbances are
controlled by shielding [5], filtering [6], and other ‘EM
mitigation’ techniques such as surge suppression [6] or power
quality improvement methods (see Part 6 of this series,
published later in 2007) — so where components and/or
conductors are not protected from all of the externa EM
disturbances by appropriate EM mitigation measures — they
arein the Outside World.

Where an equipment does not have a shielded and filtered
overall enclosure, a0V planein the PCB (see 5.4) will provide
some useful shielding for components and traces that are not
too high, or to close to an edge. So low-profile components
and traces not connected to external cablesaretreated asbeing
Inside World aslong asthey are placed on —and surrounded by
— a PCB 0V plane used as their circuit’s OV reference.
Componentsand traces compl etely covered by aboard-mounted
shielding-can (see section 4.4 of [5]) are also Inside World.

However, ribbon cables, flexible jumpers, unshielded
connectors, and traces that are not protected by a OV plane
should be treated as Outside World if they are within an
inadequately shielded and/or filtered overall enclosure (see[5]
[6]). They are all ‘accidental antennas’ as discussed in section
2.2 of [7], which shows, for example, that a flexible jumper,
ribbon cable or other wires as short as 50mm are very efficient
accidental transmitting/receiving antennasfor GSM cellphones
at 900MHz and 1.8GHz, and PCS at 1.9GHz.

It also shows that typical inter-board stake connectors and
similar unshielded connectors are efficient accidental antennas
for GSM at 1.8GHz, PCS at 1.9GHz, 3G (UMTS) around
2GHz, Wi-Fi, Bluetooth, ZigBee and microwave cookers at
2.45 GHz, and UWB (e.g. ‘Wireless USB’) at 3.1GHz and
above.

The Inside World zone is also segregated into further zones,
which are usually given names such asdirty, clean, high-speed,
quiet, etc., depending on the circuits concerned.

e ‘Clean’ or ‘quiet’ circuits are especialy sensitive to EM
disturbances, for example analogue signal amplifiers and
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receivers (from DC through RF to microwave).

e ‘High-speed’ generally meansdigital signal processing, with
its microprocessors, RAM and ROM, and clocks and data
buses. It can also mean RF transmitters.

e ‘Noisy’ generally means switch-mode power converters
(AC-DC, DC-AC, AC-AC or DC-DC) and all
electromechanical contacts such as switches, relays,
contactors, commutators and sliprings.

Each of the EM zones that have been identified is to be
segregated from all of the other zones, both mechanically and
electrically, starting at the earliest design phase (ideally the
‘blank sheet of paper’ stage). The segregation should beclearly
shown on the schematic and all other relevant drawings, for
example by drawing ‘dotted boxes around the zones and
labelling them with their agreed names.

All of the components, traces, connectors and other conductors
within adotted box must remain totally within the areaset aside
for their EM zone on the PCB. Only the essential inter-zone
connections are allowed to enter or exit an EM zone —and they
might all need filtering or some other EM mitigation technique

applying (see 5.3).

The segregation should be rigorously maintained throughout
the design of the board layout; wiring harnesses; mechanical
packaging, etc., taking the three-dimensional structure of the
final product assembly fully into account. Because designers
work with their products dismantled, they sometimes get caught
out by zones that are physically very well segregated in the
dismantled state, but not when finally assembled.

For example, when the product is finally assembled, a cable
that belongsin one EM zone might lie too close to acircuit in
a different zone; or two PCBs with different zones might end
up being so closeto each other that they couple excessive noise
from one to thee other through stray capacitances and mutual
inductances (i.e. near-field EM coupling, often called
‘crosstalk’). Such problems can generally be solved by shielding
cables and areas of the board (section 4.4 of [5]), but it is
quicker, easier, and less costly to avoid them in the first place
by careful attention to segregating the EM zones, in the final
assembly, in three dimensions.

Figure 5B shows an example of a segregated board, with its
Inside and Outside Worlds, and shows its Inside World further
segregated into further nested EM zones, which may be further
subdivided into even smaller zones. The short black double-
headed arrows indicate the essential inter-zone connections,
which are the only traces allowed to be routed between
segregated zones.



Zone solely for connectors, shield
honds, filters, suppressers, etc.
No active components permitted

Example of segregation
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OV plane on dedicated layer, extends well Inside World
beyond all devices. traces and power planes

Figure 5B Example of a segregated single-PCB product

Unless well-shielded on the board [5], all high-speed and RF
transmitter circuitry should be located close to the centre of
the board’s OV plane, well away (at least 50mm) from any off-
board connectorsor wires, and at |east 50mm away from routes
taken by external cables or wires when the product is finally
assembled.

Any voltage differences between off-board cables will drive
them as radiating antennas, and so could cause problems with
emissions. Even though a proper OV plane (see 5.4) develops
very low voltagesin responseto the currentsflowinginit, they
are not zero, so it is important to place all of the off-board
(Inside-Outside World) connections along just one edge of the
PCB —keeping them close together —and with no activecircuitry
located between them, to minimise the voltage difference
between them.

All Outside World interconnections will need some sort of EM
suppression applying, so it isimportant that there is azone set
aside for doing just that (see 5.3).

There should be a0V plane (at least, see 5.4) that underlies al
of the Inside World zones and extends beyond their traces and
components by as far as possible. It can be cost-effective to
make a board larger, where there is room available in the
product, just to extend its OV plane further beyond its
components and traces.

Figure 5B showsan example of aproduct consisting of asingle
PCB. Where products are split into separate PCBs, some of
the unshielded internal board-to-board interconnections might
need to be treated as Outside World conductors as discussed
above. 2.2 in [7] shows that even conductors as short as afew
centimetres can be very effective accidental antennas at
frequencies now commonplace, so the shielding effectiveness
of the overall enclosure, that protects the internal conductors
from such exposure, can be an important issue. Of course,
shielding external enclosures, or shielded cables, see2.6in[7])
are costly, which is one of the reasons why the single-PCB
product is usually the most cost-effective.

A single-PCB product might the most cost-effective, even if
more expensive flexi-rigid PCB technology has to be used to
achieve it. Flexi-rigid PCBs with a‘solid’ OV plane (see 5.4)

over their whole area (both flexi and rigid) have much better
EM characteristics than a number of PCBs interconnected by
unshielded connectors, flexible jumper strips, or unshielded
cables.

Flexi-rigid assemblies are generally also much quicker to
assemble, with fewer assembly errors (hence lower rework
costs). Becausethey don’t need board-to-board connectorsthey
are generally more reliable in real life (hence fewer warranty
claims). Products using single-PCBs using flexi-rigid PCB
technology are often good examples of increasing the BOM
cost to achieve a more cost-effective and profitable product.

5.3 Interface analysis, filtering, and suppression

After segregation has been achieved (see 5.2), each interface
between each segregated zone should be analysed for all
relevant electromagnetic (EM) disturbances, both conducted
and radiated, and EM mitigation measures such asfiltering (see
[6]); shielding (see [5] and [7]); transient protection (see [6]);
galvanic isolation such as transformers or optoisolators; etc.,
added as needed...

e At thezoneboundariesbetween the segregated areasinside
the product

e Atthezoneboundary betweenthe Insideand Outside worlds

Digital control signals are not just clean 1 or O levels, they
have quite high levels of ground bounce and other digital RF
noises on them. So if used to control an analogue circuit in a
different EM zone — their traces will generally need filters
located at the boundary of the ‘ quieter’ zone at the point where
they enter that zone, to reduce the amount of digital noise
coupled into the analogue signals.

Another common issue is the noise on shared power supplies.
Because of the habit of not drawing power supplies as
continuous lines on a schematic, the fact that a power ralil is
used by two different EM zones can be overlooked. If the power
rail isnot filtered at the boundary of the ‘ quieter’ zone — with
the filters located at the point where the trace or plane enters
that zone — noises from one zone will couple into the signal
path in the other zone.

Devices which interface between two zones — for example: A/
D or D/A converters; filters; opto-isolators, etc. — should be
positioned at the nearest edge of one of their zones, so that the
traces that interconnect the two zones are not routed around
inside both of the zones' areas.

Inside any zone, even routing just a few millimetres of
unsuppressed trace that has come from another zone can cause
serious EMC problems. This is because the extremely fast
switching edges of modern digital devices have such high
frequency components that even very tiny stray capacitances
and stray mutual inductances (e.g. the stray couplings between
conductors that are just a few mm long), can have a very
negative influence.

|Cs have the smallest feature sizes of any mass-produced man-
made items, which makes them very weak indeed. If they are
to be connected to Outside World conductorsthey should always
be protected by some filtering, transient protection, or other
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suppression or isolation, depending on the EM environment,
and should never connect directly. Some serial 1/0O ICs are
availablewith high levelsof ESD protection, but thisstill leaves
many other types of EM disturbance that they need to be
protected from. Connecting an IC’s pin directly to an outside
world conductor, without EM mitigation to protect it from all
EM disturbances it is likely to encounter in its life, is rather
like putting your five-year-old child on the busto the city with
abrown bag lunch and bus fare, and instructions not to return
until they have earned some money. It is cruel. So never do it.

Figure 5C shows more detail of the recommended PCB layout
in the area of the Inside-Outside world interface zone shown
on Figure 5B, for ashielded off-board cablethat isalso filtered
(see [6]) with asimple RC or LC layout. This example does
not include any transient or surge overvoltage protection, which
might be needed as well (or instead) and which should follow
similar layout rules.

The shielded connector body should be soldered directly to
the OV plane at multiple points, and the local OV plane should
in turn make a multipoint connection to any shielding being
used at that zone boundary. Any OV plane to shield connection
should achieve very low impedance at the highest frequency of
concern; see [7] for more on this.

0V plane (on a dedicated layer)

Mo other traces or
planes within
| 3mm of the edge
of the 0V plane

Capacitors all in a
line and bonded
directly to 0V plane

L

Farrites or resistors all in a lina
{a €M choke is often better|)

@) ‘I o 1

G -

g

.
5

3
L=

oV —
The schematic

-h' 0V vias for soldering
the connector shield

Mo other traces
__| permmitted in the
= | ‘connector zone'

] Edge of PCE I

Figure 5C Example layout for a shielded off-board
connector, using RC or LC filtering

To minimise stray coupling around the seriesfilter elements (R
or L), in order to maximise filter performance, it is vital that
the series elements are al aligned in a neat row. Where the
selected filter components are not available in a small enough
package style — place them on both sides of the board. Where
even thisis not enough, use arrays of resistors or ferrite beads
instead of discretes. But never ‘ stagger’ their placement on the
board — they must always be laid out in straight lines.

In Figure 5C the seriesfilter elementsactually createthe Inside
World-Outside World boundary. Every filter, shield or other
type of EM mitigation lies on a zone boundary, and if those
boundaries get confused the degree of EM control that is
achieved overall can be very poor indeed. Visualising the EM
boundaries and making sure they are well maintained is one of
the keys to professional EM design at the highest level —it is
actually all about separating the flows of surface currents, to
keep theinside and outside currents apart, as discussed in more
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detail in [6] and [7].

Never route any traces down the edge of a PCB past an off-
board connector, or sneak them between the traces and
components associated with the filter and connector pins. The
stray coupling between the traces and the unfiltered Outside
World conductors (connector pins and/or attached cables) —
evenif only atiny fraction of apicoFarad (pF) —can completely
destroy thefilter’s attenuation at very high frequencies. Thisis
why Figure 5C and Figure 5D show a‘ Connector Zone' inwhich
no other traces are permitted. This zone extends right to the
edge of the PCB.

Figure 5D showsasimilar example, to Figure 5C, but thistime
using a connector to an unshielded off-board cable (preferably
using twisted-pair conductors, see [7]).

Mo other traces

0V pl
dedi p,;?. or planes within
jeraeetic ayer) LL——=""| 3mm of the edge
of the 0V plane
siG
- —_— T -
Forrite "" Ir i Ferrites or resistors —{n\']_-‘l:ﬂrﬂ—(}—
errites or all in a line, all in a line
rasistors all bonded e o rﬁ“_R('!'N
in a line directly to (a CM choke is ——
8V ane ofton bster] The schematic

l

Plane cut back to
reduce the stray C
shunting the series

filter elements

- but see the text!

sl

_U—Ul M

e
@,ﬂ “’OGD

No other traces
pemmitted In the
‘connector zone'

I R

Figure 5D Example layout for an unshielded off-board
connector, using Tee filtering

i

Apart from the differences in the filters (notice the neat lines,
as in Figure 5C) and the lack of solder points for the cable
connector’s shield, the only significant difference from Figure
5C isthat the OV plane has been cut back. The series elements
rely on achieving high impedance at a high RF frequencies,
but the proximity of both of their terminals to a metal plane
increases their stray shunt capacitance and reduces their RF
impedance. Cutting back the plane, as shown, reducesthe stray
capacitance shunting the series filter elements, and improves
their high-frequency impedance.

However — as discussed in 5.4.1 —we don't like to have any
holes in our OV planes, so this technique always requires a
‘judgement call’. If all of the EMC techniques described in
this article have been correctly applied to a PCB — then above
100kHz or so the currents flowing in the OV plane will remain
very close indeed to their traces and components, mostly
remaining withinthe‘ dotted line’ boundaries of their EM zones.

In such a happy situation, making agap in the OV planein an
EM zone at the edge of the PCB, should cause very little of the
plane currents to be diverted from the paths that the laws of
physics find most energy-efficient in adifferent zone. So—on
balance — the gap should provide significant benefits for both
emissions and immunity.



But where there could be significant levels of plane currents
from other zones flowing in the connector zone, a gap in the
0V planeasshownin Figure 5D could—on balance—be counter-
productive for EMC. Computer simulation might be able to
provide the necessary information to tell whether agap will or
will not be beneficial, but in the absence of that technique, if
there is any concern, test-bench experiments using close-field
probes are recommended, as early as possible in a project.

Close-field probing techniques, including how to make your
own probes and use them with oscilloscopes or spectrum
analysers, are described in Parts 1 and 2 of [8], and can be used
in an ordinary development setting to test two versions of a
prototype, one with a gap in the plane and one without.

It is good practice to make provision for fitting shielding-cans
over the most emissive (or most susceptible) ICs or circuit
zones, at least, even if it is hoped to do without them, just in
case they do turn out to be needed. Planning and designing for
such flexibility from the start of a project is very worthwhile,
and an example of what John R Barnes[9] calls“wiggle room”
and | call “anti-Murphy design”, based on the well-known
Murphy’s Law. Since we do not (yet) have accurate computer
simulators that will predict the emissions and immunity
complianceof areal product fromits design drawingsand parts
specifications alone, it makes good sense to add these little
features during design.

Designers who try to anticipate the (unpleasant) surprises that
Murphy might havein storefor them, reach their design targets
and timescalesmorereliably. They are much lesslikely to need
major redesigns of their circuits and relayouts of their boards
at (what was supposed to be) the end of the project, when
compliancetestswerefailed and modifications most costly (see
Part 0 of [3]).

(Notethat asadesigner, your manager will criticiseyou for
using anti-Murphy design measuresthat were not eventually
required. But if you don’t use them, Murphy will make the
project fail, and your manager will criticise you for not
thinking ahead to what might go wrong. Long experience
with Murphy’s law shows that whatever you do, Murphy
will always achieve the maximum embarrassment for you,
and the greatest criticism from your managers, that he can.)

(The choiceisbetween whether we want to be criticised for
getting a successful project to market on time but with a
few things in it that turned out not to be necessary — or
blamed for not designing thoughtfully enough and delaying
aproject and increasing costs hugely. Against thiswe should
realisethat designerswho put their family, friendsand health
in second place, whilst working all hoursto try to salvage a
bad design, are often thought of very highly of by their
managers (even where it was their bad design that caused
the problem), often more so than an engineer who just quietly
does a professional job that makes more money for the
company.)

The walls of the shielding-can should follow the boundary of
the segregated circuit zone it is shielding, so it is also good
practice to base the shapes of the segregated zones on simple
shapes that can easily be ‘canned’. Some of the figuresin [5]
show examples of shielding-cans that have been used in rea
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products.

If relying on the OV plane to act as one of the shielding-can’s
walls, asis usually the case, provide multiple bonds between
the shielding-can walls and the OV plane under the segregated
circuit zone. The maximum spacing between these bonds should
be /20 (where the wavelength A is measured in the air) at the
highest frequency of concern, f _, or 15/f _ (f _ in GHz gives
spacing in millimetres) for exampl e the maximum bond spacing
should be 15mm for up to 1GHz. With this maximum spacing
the shielding effectivenessachieved at f__ will not bevery good,
but at |east resonances in the spaces between the bonds will be
prevented. Much smaller spacings are recommended.

5.4 0V and power planes

5.4.1 General plane design issues

A well-designed OV plane (sometimes called a‘ ground plane’
or ‘RF Reference plane’) on itsown layer in aPCB is possibly
the most cost-effective EMC design technique that has ever
existed, or ever will. So it is always recommended to use a0V
plane wherever possible. Trying to reduce BOM costs by
removing this plane layer is ailmost certainly a bad financial
decision for the overall project.

It is also good practice to use well-decoupled (see 5.5) power
planes too (especialy where any rates of change of voltagein
any circuits exceed 200V/us), but 5.5.2 shows an alternative
technique that can be as good — in some types of circuits.

Planesare continuous‘ solid’ copper sheets on adedicated PCB
layer. They are definitely not ‘ ground fills' or ‘ ground meshes'.
Any gaps, apertures, holes, splits, etc. in a plane reduce its
effectiveness, and so should be avoided.

All OV or power connections should bond directly to their
respective planes using the shortest widest traces that can be
cost-effectively achieved.

Figure 5E shows an example of a OV plane underneath a
through-hol e connector, showing how the diametersof aplane’s
antipads (clearance holes) should be small enough to allow
substantial ‘webbing’ of the plane between the pins. Theaimis
to maximise the EM characteristics of the plane at higher RF
frequencies by preventing the necessary holes from joining up
to create larger gapsin the plane.

The same minimisation of antipad diameter and ‘ planewebbing’
should also be used at all via holes, and every other kind of
hole in a plane, for the same reason. All modern board
manufacturers should be ableto get excellent yieldswith antipad
diameters no greater than 0.36mm (14 thousands of an inch)
more than the hole diameter. Even so, some holes may need to
be moved to prevent their antipads from joining together.
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Many 0V connections s’:read
along the entire length of
interconnection
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‘webbed’ between all the
plane clearance holes

0V plane

(a dedicated
layer in the PCB)

The diameters of the plane
clearance holes (‘antipads’)
around the through-holes
have been exaggerated for
the sake of the sketch

Figure 5E Example of a OV plane under a through-hole
connector

Some PCB design departments use the (by modern standards)
huge via and/or antipad diameters, which were standard
practices in the 1970s or 80s, to “be able to use the cheapest
board manufacturers’. Dealing with the resulting poor EMC
performance almost certainly costs a great deal more overall
than it would if better board manufacturerswere used to achieve
the much smaller diameters that are normal for 2007.

In Figure 5E, and in al of such figures in this article, the
diameters of the plane clearance holes (‘ antipads’) around the
through-holes have been exaggerated for the sake of making
the sketch clearer, they would normally be about the same
diameter asthe padsthat ‘cap’ the barrels of the through-holes
on the top and bottom layers of the board, and so they would
be hard to seein practice just by looking at acompleted board.
A well-planed board should look solid black, with just little
pin-pricks of light showing through the viaholes, when viewed
against alight source.

Figure 5F shows an example of how not to design a0V plane.
This is a two-sided PCB with a ‘ground fill’ on one side,
connected to the OV. From an EMC point of view it doesn’t
satisfy any of therequirementsof aplane, andinfactitissimply
amessof RF resonatorsand accidental antennas(see[7]). How
best to deal with PCBsthat have only one or two copper layers
is dealt within 5.4.6.

o

|
p 3 The large gaps in this ‘0V filled’ area prevent |
it from behaving as an effective 0V plane 8

B
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Asmentioned in 5.2, the general ruleisthat a0V plane should
lie under all components, traces and power planes, and extend
beyond them all around their perimeter by asfar asispossible:
at least 3mm, preferably 6mm or more. Using alarger OV plane
helps to reduce emissions and improve immunity.

Where possible, do not place components, or route traces very
near to any plane edges, splits, holes, apertures, gaps, etc. If
possible — never cross any plane splits, gaps, etc., with any
traces or components (but see 5.4.5 for what to do when it is
unavoidable).

Itisvery important to maintain the segregation of components
and traces in their allotted zones, even when they share the
same OV plane. In almost all cases, the OV plane can
interconnect between any zones without needing any EM
mitigation itself.

The general design rule for boards that are not very dense, is
that there should be no plane gapslarger than 0.01r atf . The
value of A that mattersis the one inside the PCB’s dielectric,
which can be approximated quite well as 300/{ fmax~\/sr} metres,
wheref _isin MHz and ¢ istherelative dielectric constant of
the board material, for FR4 typically 4.2 above 1IMHz. So for
FR4 we can say that no plane perforations should exceed 1.5/
f . Forexample: for aplanein an average PCB to bereasonably
effectiveupto 1GHz, no perforationsin it should exceed 1.5mm.

1.5mm is not a problem for the vast majority of via holes and
leaded semiconductors and other components, but there are
|leaded components that require larger hole diameters, and of
course board fixing or mounting holes are larger than this.
Knowing that larger holes create EM C problems, wetry to keep
them outside any noisy, dirty, high-speed, or especially sensitive
EM Zones.

There can be other practical problems associated with trying
toachievea'solid’ OV planeall over aboard. it can be necessary
toremoveareasof OV plane, when using: very high impedance
circuits; very small currents; impedance-matching some types
of RF devices or RF transmission lines, etc. But knowing that
this can have dire consequences for EMC informs the design
and allows alternative solutions to be used (e.g. using double-
sided PCB shielding over the segregated area with poor 0OV
plane, RF-bonded to the ‘solid’ OV plane all around its
perimeter).

Parallel OV planes should be bonded together at least every A/
10atf  byvias(or 15/ ,f in MHz gives the maximum

spacing in metres, in GHz it givesit in mm).

5.4.2 Only use thermal break pads (thermal reliefs) when
really necessary

Through-hole-plate (THP) PCB manufacturing technology,
when used with leaded components (as was common in the
1980s), had a problem with the automated soldering of
component leads to planes: the planes had such good thermal
conductivity that they ‘sucked’ the heat out of the joints and
dry jointswere acommon problem. Thiswas solved by the use
of ‘thermal break’ pads, sometimes called ‘thermal reliefs’ (or
even ‘wagon wheels' because of their superficial visual
resemblance).



The downsideisthat thermal break pads perforate planes quite
considerably, and so decrease their EMC benefits. So they
should only be used where necessary for reliable automated
soldering. They are generally not required for reflow-soldered
surface-mounted components, because their break-out or pin-
escape traces provide the necessary thermal relief from thevia
to the plane, for their soldered joints.

Unfortunately, some PCB departments apply thermal reliefs
for every plane connection, and with the component density
typical of modern PCBs this practice significantly increases
the RF impedance of the planes, so is bad for EMC. Instead,
thermal break pads should now only be used for leaded
components, and only then when they are going to be
automatically soldered.

5.4.3 RF-bonding planes to components, conductors and
chassis

Figure 5G shows some example layouts for connecting
decoupling capacitors to OV and power planes. All other
connections between components and planes should follow
similar guidance. Just 1mm of trace can have an inductive
impedance approaching 6Q2 at 1GHz (602 for a 10mm trace),
soitisclearly important for plane-bonding tracesto be as short
and wide as possible, to minimise their inductance.

There is a compromise to be made between the lengths of the
plane-bonding traces and the production yield of the soldered
PCB assembly. Traces that are too short, or used with too
ineffective a solder resist, can result in the solder intended for
the surface-mounted component being sucked into theviahole,
resultinginadry joint. Sometimesit isjust amatter of specifying
a better quality solder resist rather than trying to save pennies
by using the cheapest resist available.

Very bad
®)

Ov and power plane vias as close together as possible
(hut without lengthening any traces)

Poor

Good better Best

3 =ih

Traces as short and wme as practlcahle
{it helps to use a good quality solder-resist)

| |o]

‘Viadn-pad’ creates the best plane bonds
— where practical [always check)

Solder masks
not shown

Only use thermal break pads where they really are essential

Similar layout guides apply
for IC pin-escapes
to 0V and Power planes

Figure5G  Examplesof devicesconnected toplanes (e.g.
decoupling capacitors)

Figure 5G shows that where a device has connections to both
0V and power planes, there are somereal advantagesto placing
their OV and power plane via holes very close together (say
1mm or less) so that their mutual inductance and opposing
directions of current cancels out some of the via holes' series
inductance. Break-out and pin-escape traces should never be
lengthened for this purpose. Firstly make the plane connections
as short as possible, then place their OV and power plane vias
close together without lengthening their attached traces.

Traces crossing the edge of a0V plane, and therefore entering
or exiting an EM zone boundary, should be RF-bonded to the
0V plane near to that edge. Traces at OV potential should be
directly connected to the plane with a via. Other power and
signal traces should be connected via a capacitor, the purpose
of whichisto provide alow-impedance return path for common-
mode surface currents, but it is effectively just a capacitive
filter. The value of the capacitor should not be so much as to
cause a problem for the signal driver or signal quality.

As discussed in section 3.2.5 of [6], when a signal or noise
source has low impedance at the frequencies concerned, using
capacitive filtering on its own can sometimes increase
emissions. In such casesiit is usually better to use RC, LC or
Tee filtering. Figure 5D shows an example of a filter circuit
and layout that can be effectivein awide variety of circuitsand
applications. Where electronic units have well-shielded
enclosures mounted directly onto metal chassis—asiscommon
in military vehicles such astanksand warships—r filtersmight
be preferable to Tee, see [6].

0V planes should be RF-bonded to any metal chassis or
enclosure shield, especially near high-speed devices(e.g. clock
generators, clock buffers), and near any shielded (see[7]) and/
or filtered (see [6]) 1/0O connectors — and then as frequently as
possible al over the PCB’s area. Ideally, the spacing between
the bonds should be less than A/10 at f__, or 30/f  metres,
wheref _ isin MHz.

Itisagood ideato make provision for these RF bonds, even if
there is no metal chassis or shield, in case a chassis or shield
has to be added later in the project, for EMC compliance or to
solve actual interference problems. The chassis or shield
required might even be as simple and low-cost as a sheet of
metallised cardboard, the sort of thing most EMC engineers
take to test labs with them to help solve customers' problems
quickly. In 5.3 the term ‘anti-Murphy design’ was introduced
for this sort of precautionary design measure.

A typical RF bond between OV and chassisjust usesamounting
pillar or screw to makethe connection directly. But wherethere
are many 0V-chassis bonds, assembly time can be reduced by
using conductive gaskets or spring fingers to make automatic
connections to the metal chassis or enclosure. Companies like
Kitagawa, W.L Gore and others supply components intended
for just that purpose.

Some designers, and some customers (e.g. automotive, rail,
marine) don't like direct OV-chassis bonds on PCBs, in case
the large currents they allow to flow in the metal structures of
their vehicles should decide to flow through a PCB instead,
causing it to catch fire, or at least be damaged. The practice of
using the chassis or other metalwork as a high-current return
path, generally makes acceptable EM C performance much more
costly to achieve.

Where direct OV-chassis connections are forbidden, or where
you are not sure what to do for the best, prototypes can be
designed using pad patterns like that of Figure 5H, to have a
range of chassis-bonding options...

e Zero-ohm links to provide direct (DC) bonds.
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e Capacitorsto provide RF bondswith high-voltageisol ation.
The lowest effective frequency depends on the capacitor’s
value, and the isolation voltage generally required in
automotive applicationsisaround 500V dc, in somerailway
systemsit is 2kV.

e Resistorsto dampen RF resonances that could occur in the
cavity between the OV plane and the chassis or enclosure
shield.

e Resistorsin series with capacitors to damp RF resonances
while maintaining high-voltage isolation.

Chassis bond achieved by
conductive gasket. spring
finger, etc.

Antipad ] Fixing screw’s through-hole
notc to OV plane
\,' i "
il
-

—

Vias holes to
the 0V plane

0V plane

|whichever gives the bast EMC without
i ional (on a dedicated PCE layer)

p ing the funct peif

‘ Fit a zero-2 link, capacitor, or resistor

Only use thermal break pads where they really are essential

Figure 5H Example flexible OV plane — chassis bond
layout

It isimportant to understand that multi-point bonding isalways
required for RF, with the spacing between the bonds |ess than
M10a f_, or 30/f  metres, where f__ isin MHz. Single-
point bonding isincapable of being very effective above afew
hundreds of kHz, and is generally completely useless above
30MHz.

Using the above 0V-chassis RF bonding components, we can
achieve what is sometimes called ‘hybrid bonding’: one OV-
chassis bond is direct, whilst the others are via capacitors (or
capacitors and resistors in series). This might satisfy the
instrumentation and audio circuit designers who want to stick
to their traditional single-point grounding practices, whilst also
achieving EM C compliancefor their products, or improvetheir
EMC performance for other reasons.

5.4.4 Don't split OV planes any more (and what to do, if
you do)

Of course, where galvanic isolation is necessary between two
parts of a PCB, the OV plane must be split between the two
areas.

But never split a0V plane just because a guideline, textbook,
data sheet or application note says so. Articles, papers,
guidelines, textbooks and application notes dating from before
2003 can be out of date as regards cost-effective PCB layout
for EMC. An example of atextbook that contains good advice
on breaks in OV planesis [10], published in 2007. And many
semiconductor manufacturersignore EM C when they writetheir
application notes, or else use ‘traditional’ practicesthat are, in
fact, well out of date.
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For example, it has been common, in the past, to split OV planes
between analogue and digital — but if the design
recommendations in this article are implemented, you will
generally achieve much better EMC — and much better
functional performance (e.g. signal/noise ratio) if you use a
single OV plane over the entire PCB and all of itsdifferent EM
ZONes.

Theauthor learned to use unbroken OV planesintheearly 1980s,
just to improve functional performance in the most demanding
analogue applications using PCBs that mixed analogue and
digital technologies. It wasonly inthe early 1990sthat | learned
that this approach was also the best thing to do for EMC as
well. The functional performance achieved for products and
evenlarge systemswerewell beyond what wasthought possible
with split analogue/digital OV planes, and frequently amazed
designers who thought splitting planes was some sort of law.
Thetechniqueisvery well proven (and not just by me), and [4]
goes into much more detail.

These days, split OV planes should only be used as part of a
well thought-out EMC plan, which of course requires
considerable EMC expertise to develop. If you are not sure
whether to split OV planes or not, prototype PCBs can provide
both options, as sketched in Figure 5J...

e Split the planes between the segregated circuit zones (this
is easy to do, because of the segregation discussed in 5.2)

e Place pads and OV vias on both sides of the split so that it
can be ‘stitched’ together at least every /10 at f _ (30/f
metres, wheref _ isin MHz) with small zero-ohm links or
capacitors (an ‘anti-Murphy’ design technique).

e Test prototypes, using functional aswell as EMC tests (the
close field probe methods described in Parts 1 and 2 of [8]
can be very helpful, but ‘ proper’ emissions/immunity tests
providethe best proof) to see whether split or stitched planes
work best overall, and if stitched, what type of stitching is
best. If you find that zero-ohm links across every stitching
point is best, then removing the split altogether at the next
iteration will probably improve performance even more.

E.g. Digital 0V plane
(on an inner layer)

E.g. Analogue 0V plane
(on an inner layer)

Pads for fitting plane
*stitching” components,
e.g. 0Q links, capacitors,
- resistors, via'd to the 0V
plane on each side

E.g. A ‘star point’
common connection ““-\\_

Only use thermal break pads
where they really are essential

Figure 5J Example of ‘stitching’ across split planes



As was described in 5.3, this ‘anti-Murphy’ EMC design
technique — used with a complete split between the planes —
allows adirect connection to be made between the planes with
azero-ohm link at one of the stitching pads, with capacitors (or
seriesresistor-capacitors) at the other stitching pads, to provide
what is often called ‘hybrid bonding’.

For galvanically isolated circuit zones, link theisolated OV plane
to the PCB’smain OV plane with anumber of small capacitors
spaced all around its perimeter. The capacitors should be rated
to withstand the maximum voltage difference across the split.
Wherethe galvanicisolationisfor safety reasons, it isimportant
to use no more than the maximum total value allowed by the
relevant safety standards, and it is strongly recommended to
use capacitors that have third-party safety-approvals to the
relevant standards for the application. It is also recommended
to check that the saf ety approvalsarevalid, and not counterfeit,
by contacting the approvals body to confirm.

5.4.5 Traces routed close to plane edges, or across plane
splits

Almost all EMC design can be seen as a process of controlling
the return current paths so they are always in very close
proximity to their send paths. So it isimportant indeed that no
‘single-ended’ (i.e. OV referenced) signal or power traces cross
any perforationsor splitsin their adjacent planelayers (whether
they are OV or power planes).

Thisisbecausethereturn currentsnaturally travel inthe adjacent
planelayers (whether OV or power) and any perforation or split
in those planes forces the return current away from the lowest-
energy route preferred by the laws of nature, causing a great
increase in EM fields, hence higher emissions and worse
immunity.

In fact, traces should not go closer than 3mm to the edge of a
plane (preferably more, see 5.4.1), because this also causes
problems for the return currents.

But where asignal or power trace hasto cross aplane split —it
must have areturn path provided in intimate proximity — even
if it means shorting-out the split at that point. Keeping the
return current path in intimate proximity to the send path is
vital for EMC (and signal integrity, SI) — much more important
than maintaining a split in the plane.

The best way to maintain the isolation of a plane split whilst
crossing it with apower or signal trace, isto pass both the send
and return currentsfor that power or signal through acommon-
mode (CM) choke that straddles the split. For single-ended
power or signals, one winding of the choke connects to the
plane on either side of the split.

A less effective aternative is to provide a plane ‘stitching’
capacitor very closeto the power or signal trace, for the return
current to takeinstead of diverting around the split. Thismethod
should be used where the planes on each side of the split crossed
by the trace are at different voltages.

5.4.6 Can't afford multilayer PCBs?

Analogueand ‘gluelogic’ boards can often achieve agood OV
plane with only two layers, but many modern boards have so
many interconnections that they need at |east four layersto be

abletofitinagood OV plane(see5.4.1). Thereisoften pressure
from managers to remove dedicated OV plane layersto reduce
the BOM cost of the bare board, but this should be strongly
resisted because:

e Adding a0V layer does not add very much cost, providing

you purchase from the correct manufacturer. Most corporate
buyers, if asked to get aprice for adding acouple of layers,
will gotothe suppliersthey aready useand begivenasilly
price. Thisis because all PCB manufacturers specialisein
boards with a certain number of layers, although they often
do not reveal this fact to customers. They will not give the
best price for aboard if it has a different number of layers
from what their processes are optimised for.
In reasonable volumes, and for at |east thelast 17 years, the
cost of adding two layers should not add more than 25%
(typically 20%) to the bare-board unit cost. But the company
buyer will have to do more work to find the suppliers who
offer that price.

e Saving PCB layer cost by deleting a0V plane usually adds
to the overall cost of manufacturing a unit. Thisis because
acontinuous PCB OV planeis probably the most powerful
and cost-effective EMC technique of all (see 5.4.1), and if
it is not used it is likely that more costly EM mitigation
measures will be found to be necessary (with associated
project delays) to pass compliance tests.

However, if using single layer PCBs, it is best to fill as much
area as possible with OV fills and traces, then fit OV links that
crossthe gapsto create the smallest possible OV mesh. A mesh
isonly effective at frequencies << 30/L MHz (whereL isthe
diagonal of the largest element in the mesh, in metres). Above
frequencies of 50/L MHz, a mesh can amplify emissions and
susceptibility problems, so it isimportant to get the mesh size
small enough for agivenf .

If using 2-layer through-hole-plate (THP) PCBs, the best
method is to move as many traces as possible onto one layer,
then make the other layer as ‘solid’ a0V plane asis practical.
Any traces‘ sneaked’ into the OV planelayer should be as short
as possible. Repositioning of components is usually required
todothiswell. Using thismethod alone, the author hasimproved
the immunity of a passive infra-red (PIR) detector from 5V/m
at 900MHz (the burglar alarm system was being triggered by
cellphones outside the building) to 50vV/m.

The above 2-layer method is most appropriate for analogue or
simple’‘glue-logic’ boards. Anything with amicroprocessor with
external memory is likely to have so many interconnections
that both layers must be used for routing. (Digital processors
withinternal memories, and no high-data-rate buseson the PCB,
are better for EMC).

These boards should route with horizontal traces on one side
and vertical on the other, then ‘OV fill’ both sides, then * stitch’
thefillstogether with vias or linksto make the densest possible
mesh. The 30/L guide for mesh effectiveness is the same as
that given above. Unfortunately, the area where the smallest
mesh is required for EMC, is closest to the microprocessor,
where the trace density often makes it most difficult to get a
close mesh. Where a 2-layer PCB fails an EMC test at RF by
less than 10dB, it is often possible to use this OV meshing
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method to achieve a pass — but it can be very time-consuming
and require several iterations of the board before the optimum
layout isfound.
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